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ABSTRACT 
 The obligate human pathogen Neisseria gonorrhoeae is responsible for the sexually 
transmitted disease, gonorrhea. This pathogen colonizes mucosal surfaces, and is most 
commonly found in the urogenital tract. The genital mucosa is comprised of various cells 
from epithelial to immune cells including the macrophage. Macrophages are abundant 
immune cells within the genital submucosa. Though the cytokine response of macrophages 
following N. gonorrhoeae infection is well characterized, survival of these cells following 
infection has not been well described. In this study, we examined the ability of N. 
gonorrhoeae strain FA1090B to modulate cell death in differentiated THP-1 cells (dTHP-
1) and human monocyte-derived macrophages (MDMs) harvested from peripheral blood. 
N. gonorrhoeae was demonstrated to induce cell death in both macrophage types in a dose-
dependent manner as measured at 6 hours post-stimulation. Cell death did not proceed via 
classical apoptosis but was associated with activation of immune caspases-1 and -4, 
required for the canonical and non-canonical pyroptotic pathways, respectively. MDM cell 
death was found to be dependent on immune caspase activity and associated with 
intracellular bacteria. Furthermore, caspase-4-associated MDM cell death was also 
  vi 
observed with cytosolic N. gonorrhoeae-purified lipooligosaccharide (LOS). We did not 
however observe differences in the induction of pyroptosis by a penta-acylated non-
immune stimulating LOS mutant strain, 1291ΔmsbB, as compared to the isogenic wild type 
strain 1291, or strain FA1090B. Activation of pyroptosis correlated with increased 
production of the pro-inflammatory mediators IL-1β, IL-6 and TNF-α. Pre-treatment of 
dTHP-1 cells with conditioned media from bacterial stimulated samples had little effect on 
N. gonorrhoeae induced cell death. Collectively, our results demonstrate that N. 
gonorrhoeae induces pyroptosis in human macrophages due, in part, to LOS. We postulate 
that N. gonorrhoeae induced pyroptosis of macrophages may partially contribute to lack 
of immunological memory and continual neutrophil recruitment, a hallmark of N. 
gonorrhoeae infection.  
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Chapter 1. Introduction 
Epidemiology of Neisseria gonorrhoeae 
 Neisseria gonorrhoeae is a gram negative organism responsible for the sexually 
transmitted infection (STI), gonorrhea, which affects approximately 100 million people 
globally and 395,000 in the United States annually (Control, 2016c, Organization, 2016). 
The number of cases annually is estimated to be higher due to under reporting, even though 
from 2010 to 2014 these numbers have risen 10.5% (Control, 2016c). The economic burden 
of diagnosis and treatment of this disease over the course of an individual lifetime is 
estimated to be 162.1 million dollars within the United States (Owusu-Edusei et al., 2013). 
Despite cases of N. gonorrhoeae being reported as early as 1611, prior to the development 
of antimicrobials there were no treatments for this disease (Bumstead, 1864). Since the 
introduction of antimicrobials this highly adaptive pathogen has steadily increased its 
resistance to a number of antibiotics (Control, 2016a, Kirkcaldy, 2013). Since 2011 
treatment options for rapidly evolving antibiotic resistance strains has moved from single 
antibiotic treatments to combination therapeutics as the result of the development of 
cephalosporin-resistance (Control, 2016a). This latest rise in antibiotic resistant strains has 
led the Center of Disease Control (CDC) to list N. gonorrhoeae as an urgent threat to the 
population (Control, 2016b, Nguyen et al., 2014). 
 
Clinical and molecular aspects of N. gonorrhoeae infection 
 N. gonorrhoeae is an obligate human pathogen that invades through mucosal 
surfaces. The most common areas of infection are the male and female urogenital tracts 
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(Mayor et al., 2012). Additional areas that can be infected are anorectal and pharyngeal in 
adults, as well as eyes in infants (Mayor et al., 2012, van Liere et al., 2014, Morris et al., 
2006). Except for infantile gonorrhea, anorectal and oral-pharyngeal infections are 
typically asymptomatic leading to under diagnosis and lack of treatment. These anatomical 
sites are also less sensitive to clearance with antibiotics (Morris et al., 2006, van Liere et 
al., 2014). Similar to these anatomical infection sites, female infections are also typically 
asymptomatic, where women typically only present with symptoms 20% of the time 
(Edwards and Apicella, 2004).  
Gender differences in infection 
 N. gonorrhoeae infections in men and women present differently, with a majority 
of male infections being symptomatic while female infections are typically asymptomatic 
(Edwards and Apicella, 2004). Asymptomatic infections within women lead to lack of 
diagnosis and treatment resulting severe complications and long-term side effects 
(Edwards and Apicella, 2004, Mayor et al., 2012). Specifically, untreated urogenital 
infections lead to prolonged inflammation within the cervix and fallopian tubes, resulting 
in complications such as scarring, infertility and pelvic inflammatory disease (Soper, 
2010). There are other aspects of N. gonorrhoeae that vary between sexes, such as 
transmission. Due to differences in anatomy, the efficiency of transmission is enhanced 
from males to females as compared to females to males (Edwards and Apicella, 2004). It 
is postulated that this is the result of prolonged exposure of bacteria to the female 
epithelium as compared to males where the epithelium is continually flushed (Edwards and 
Apicella, 2004). In contrast to female infection, male infection presents with symptomatic 
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response characterized by purulent urethral discharge (Trojian, 2009, Edwards and 
Apicella, 2004). A urethral discharge is associated with the robust neutrophil influx and 
shedding of the urethral epithelium. In rare cases, men can have an ascending urethral 
infection that results in epididymitis (Trojian, 2009). Both male and female infections when 
left untreated can cause disseminating gonococcal infection which affects joints and skin 
(Cohen and Sparling, 1992). Subjects with N. gonorrhoeae also typically have co-
infections with other STIs, such as Chlamydia trachomatis which can comprise ~40% of 
the these cases depending on geographical location (2013). Gonococcal infection has also 
been reported to enhance HIV transmission increasing both breadth and magnitude of HIV-
specific CD8 T-cell responses determined by increases in INF-γ and MIP-1 (Cohen and 
Sparling, 1992, Jarvis, 2012, Heil et al., 2002a).  
 Variation in disease presentation between men and women has been a major topic 
of research and the current thoughts are that the differences in presentation are attributed 
to molecular and anatomical variations between sexes. While both females and males 
present with neutrophil influx, influx in females is less robust. Anatomically, female 
infection typically localizes to the cervix, while male infection is confined to the urethra 
(Cohen and Sparling, 1992). Due to gender differences, during infection N. gonorrhoeae 
utilizes different host receptors and adhesins for infiltration of the epithelium (Edwards 
and Apicella, 2004). Male urethral cells lack the receptor carcinoembryonic antigen-related 
family of cell adhesion molecules (CEACAMs) that are utilized by N. gonorrhoeae 
opacity-associated proteins (Opa) during interactions with cervical cells in females. 
Instead, male urethral epithelial cells respond to gonococcal lipoprotein, 
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lipooligosaccharide (LOS), via the asialoglycoprotein receptor (Sadarangani et al., 2011, 
Harvey, 2001).  
N. gonorrhoeae interactions within the mucosa 
 In both men and women, the initial site of infection is the epithelium. Following 
initial epithelia interactions, N. gonorrhoeae has been shown to transmigrate from the 
epithelium to the submucosa, gaining access to a number of resident immune cells 
including macrophages (Wang et al., 1998). Studies analyzing the immune cell populations 
within human female ecto- and endo-cervix have shown macrophages make up ~30% of 
the cluster of differentiation 45+ (CD45+) population, the remaining CD45+ cells consisted 
of dendritic cells (~25%), CD4+ T-cells (~15%), CD8+ T-cells (~15%), natural killer cells 
(~10%) and B-cells (~5%) respectively (Trifonova et al., 2014). These studies were 
confirmed in male ram urethral tissue samples, where macrophages made up a majority of 
the resident tissue immune cell population (Acosta-Dibarrat et al., 2014). As one of the 
most abundant resident mucosal immune cells, the macrophage is responsible for bacterial 
clearance, antigen presentation to adaptive immune cells and removal of dead and dying 
cells (Figure 1, (Trifonova et al., 2014, Acosta-Dibarrat et al., 2014). Despite its role in 
linking the innate and adaptive immune responses, few studies have examined N. 
gonorrhoeae macrophage interactions. Additional resident immune cells such as the 
dendritic cell also serve as a link between the innate and adaptive immune systems. During 
N. gonorrhoeae infection, dendritic cells have been demonstrated to have impaired antigen 
presentation to CD4+ T-cells (Zhu et al., 2012). Inflammation   
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Figure 1. Macrophage interactions with pathogens. 
Upon recognition of pathogens macrophages engulf the pathogen by phagocytosis forming 
a phagosome within the cell. The phagosome fuses with the lysosome, degrading the 
pathogen. Degraded pathogen components are then presented to adaptive immune cells, 
such as the T-cell to stimulate a pathogen-specific adaptive immune response. 
Macrophage-pathogen interactions also stimulate the production of cytokines, which can 
activate surrounding immune cells, skew immune cell phenotypes (T-cell Th1 v. Th2), and 
recruit circulating immune cells to the site of infection.  
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generated from the resident, mucosal cells, leads to the hallmark of N. gonorrhoeae 
infection, an influx of neutrophils. Neutrophil recruitment occurs within the first few hours 
of infection and continues throughout the course of infection. Despite the influx of 
neutrophils, adaptive evasion mechanisms developed by N. gonorrhoeae lead to 
insufficient bacterial clearance (Simons et al., 2005, Johnson and Criss, 2013, Gunderson 
and Seifert, 2015). Continual recruitment of neutrophils to the site of the infection can be 
promoted not only by chemokine production but also by localized cell death of infiltrating 
and resident cells (Lammermann et al., 2013, Yamasaki et al., 2008). Neutrophil or 
polymorphonuclear cell (PMN) recruitment and localized cell death are responsible for the 
characteristic purulent discharge (Criss and Seifert, 2012). In addition, pro-inflammatory 
cytokines and resident immune cells promote an adaptive immune response to facilitate 
bacterial clearance. Despite a rapid and robust immune activation, patients do not clear N. 
gonorrhoeae without the aid of antibiotics and do not develop lasting immunity.  
Colonization and invasion of the mucosa 
 N. gonorrhoeae utilizes several bacterial factors for colonization of the mucosal 
epithelium and interacts with specific host receptors. This includes factors required for 
invasion such as pili, porins, Opa proteins, and LOS (Table 1). To initiate attachment to 
the host cell, pili bind CD46 resulting in stimulation of the endocytosis pathway and release 
of intracellular calcium for intracellular bacterial survival (Källström, 2001, Lee et al., 
2005, Ayala et al., 2005). Once the bacterium has adhered, pili are retracted to bring it 
intimately in contact with the host cell. Once N. gonorrhoeae is attached to the   
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Table 1. Gonococcal virulence factors 
 
Virulence Factor Description Reference 
Pili 
Bacterial fimbriae, Initiate 
contact 
Källström et al., 2001 
Porin Ion exchange channels 
Gotschilich et al., 
1987 
Opacity-associated (Opa) 
Proteins 
Adhesins Dehio et al., 1998 
Lipooligosaccharide 
(LOS) 
Gonococcal LPS, Adhesin Burch et al., 1997 
Reduction Modifiable 
protein (Rmp) 
Constitutively expressed 
outer membrane protein-
immunogenic 
Blake et al., 1989 
Lip 
Outer membrane 
lipoprotein-immunogenic 
Woods et al., 1989 
 
This table lists the N. gonorrhoeae outer membrane virulence factors and their roles during 
infection. 
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epithelium, in vitro studies using primary ecto- and endo-cervical cells have shown the 
actin cytoskeleton begins to form membrane protrusion and ruffles around the bacterium 
for internalization (Edwards et al., 2000). In epithelial cells, following engulfment the 
bacterium resides within vacuoles near the apical side of the cell (Evans, 1977). N. 
gonorrhoeae can survive within epithelial cells in part because the bacterium cleaves 
lysosomal proteins (Lin et al., 1997). In addition to avoiding degradation, the gonococcus 
can replicate and exit the cell either back to the mucosa or basal lateral side of the 
epithelium (Criss and Seifert, 2006, Shaw and Falkow, 1988, Ayala et al., 1998, Edwards 
et al., 2000). The ability to exit the epithelium from either the apical or basal lateral side 
allows the bacterium to either form biofilms in the mucosa or invade the submucosa 
(Edwards and Butler, 2011). While pilin facilitates bacterial attachment to the epithelium 
it also allows for the interaction of other virulence factors, such as LOS and Opa proteins, 
to increase contact between the bacterium and host cell for either active invasion or 
endocytosis (Harvey, 1997, Merz and So, 2000). In vitro analysis determined the bacterium 
can regulate each of its 11 Opa proteins via antigenic variation expression (Jerse et al., 
1994). N. gonorrhoeae can up and down regulate Opa expression with rapid precision, so 
none or all Opas are expressed (Hauck and Meyer, 2003, Dehio et al., 1998). Opa proteins 
are not solely responsible for invasion of host cells however, as in vitro studies have 
demonstrated that porin mediates Opa-independent invasion (Bauer et al., 1999, 
Kühlewein et al., 2006). In vivo studies have analyzed these virulence factors to determine 
their necessity for colonization and infection. Using male volunteers, researchers infected 
individuals with either piliated or non-piliated strains of N. gonorrhoeae (Blake and 
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Swanson, 1978). Males infected with piliated strains had higher incidences of symptoms 
than their non-piliated counterparts, leading researchers to conclude piliation improves 
colonization. Due to ethical issues, researchers cannot deliberately infect females with N. 
gonorrhoeae however they can analyze cultures or lavages taken from women reporting 
with infection. RNA analysis of strains isolated from infected females showed variation in 
which Opa proteins are expressed by strain (Jerse et al., 1994, McCLure et al., 2015). 
Differential in vivo expression of both Opas and pilin corroborates in vitro data showing 
antigenic variation of these proteins.  
Host factors for response to infection 
 Interaction of N. gonorrhoeae with the host is mediated by virulence factors and 
host pattern recognition receptors (PRRs). PRRs are a class of receptors that bind pathogen 
virulence factors to elicit an immune response such as cytokines and chemokines for 
clearance of infection. These receptors are found in all cells from the epithelium to immune 
cells. Each PRR recognizes a group of conserved ligands (Table 2). Two well-
characterized gonococcal virulence factors and their PRRs are porins that bind Toll-like 
receptor 2 (TLR2) and LOS which binds TLR4 (Massari et al., 2002, Packiam et al., 2014, 
Fisette et al., 2003). PRRs are not only located on the outer membrane of cells but can also 
be found intracellularly as well. A well-characterized intracellular PRR is the nucleotide-
binding oligomerization domain (NOD) receptors (NLRs) NOD1/2. Engagement of 
NOD1/2 by N. gonorrhoeae leads to the activation of the NOD-like receptor family, pyrin 
domain containing 3 (NLRP3) inflammasome and pro-inflammatory cytokine production 
(Mavrogiorgos et al., 2013, Duncan et al., 2009).   
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Table 2. Host pattern recognition receptors and pathogen-associated bacterial 
factors.  
 
Pattern Recognition 
Receptor (PRR) 
N. gonorrhoeae bacterial 
factor 
Reference 
Toll-like receptor 2 
(TLR2) 
Porin 
Fisette et al., 2003 
Massari et al., 2002 
TLR4 LOS Packiam et al. 2014 
Nucleotide-binding 
oligomerization 
domain (NOD) 
Whole Bacterium Mavrogiorgoes et al. 2014 
NOD-like receptor 
family, pyrin domain 
containing 3 (NLRP3) 
inflammasome 
Whole Bacterium Duncan et al., 2009 
 
Within this table, we describe the host pattern recognition receptors and their 
corresponding N. gonorrhoeae bacterial factors necessary for their activation. 
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Engagement of TLRs and NLRs activate signaling cascades converging on the 
transcription factor nuclear factor kappa-light-chain-enhancer of activated B-cells (NF-κB) 
(Escobar et al., 2013). This transcription factor is responsible for the production of 
Interleukin-1β (IL-1β), IL-6, and IL-8. 
 Cytokines produced following PRR interactions and intracellular signaling 
cascades during N. gonorrhoeae infection are typically pro-inflammatory. Following the 
initial interaction of the gonococcus and the epithelium, epithelial cells release pro-
inflammatory mediators and interestingly, human studies have shown this response is 
significantly more robust in males compared to females (Ramsey et al., 1995, Hedges et 
al., 1998, Fichorova et al., 2001). Cytokines such as IL-6, IL-8, IL-1β, and tumor necrosis 
factor-α (TNF-α) have been detected at low levels in urine of infected males (Ramsey et 
al., 1995). Initial studies analyzing female lavages did not detect any pro-inflammatory 
cytokines, however more recent studies have shown this is not true, with elevated levels of 
pro-inflammatory cytokines IL-2, IL-5, IL-1α, and IL-1β, as well as anti-inflammatory 
transforming growth factor-β (TGF-β) in human female cervical lavages (Masson et al., 
2014). However in this study, only 15% of women presenting with clinical signs of 
infection, as determined by cultured bacteria and neutrophil infiltration, had detectable 
cytokines (Masson et al., 2014).  
N. gonorrhoeae influence on host cell response 
 Since interaction of N. gonorrhoeae with resident mucosal cells, such as the 
epithelium, leads to pro-inflammatory cytokine production and immune cell recruitment it 
has developed several different mechanisms for evasion and repression of the host cell 
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response (Svanborg et al., 1999). Though the neutrophil is the primary cell recruited to the 
infection site, monocytes and therefore monocyte-derived macrophages (MDMs) and 
dendritic cells are also recruited (Iijima et al., 2008).  
 Many of resident and recruited cells during mucosal infections are phagocytes, 
whose primary function is to ingest and degrade pathogenic bacterium. N. gonorrhoeae as 
a mucosal pathogen developed mechanisms to evade phagocytosis (Table 3). One 
mechanism of evasion is the regulation of extracellular virulence factor expression to avoid 
PRR recognition and thereby phagocytosis (Virji, 2009). Gonococci can also evade 
degradation following phagocytosis by inhibition of phagosome-lysosome fusion, 
quenching reactive oxygen species (ROS) production and the up regulation of anti-
apoptotic proteins, allowing for the detection of over 80% recoverable intracellular bacteria 
(Table 3, (Johnson and Criss, 2013, Criss and Seifert, 2008, Seib et al., 2004). To prevent 
a pathogen-specific immune response, studies have shown that N. gonorrhoeae inhibits 
antigen presentation to T-cells, and inhibits T-cell CD4+ differentiation (Zhu et al., 2012). 
Finally, to reduce clearance, the gonococcus has been shown to skew macrophage 
phenotypes to tolerogenic thereby reducing its tendency for phagocytosis and pathogen 
clearance (Table 3, (Escobar et al., 2013, Ortiz et al., 2015). 
 Phagocytic cells such as the macrophage and dendritic cell are key links connecting 
the innate and adaptive immune responses. Impaired function or immunosuppressive 
phenotypes can dampen the adaptive immune response (Zhu et al., 2012, Escobar et al., 
2013). Yet gonorrhea infection stimulates an IgG and IgA antibody response in both men 
and women as detected in urethral exudates and vaginal secretions    
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Table 3. Mechanisms of immune system evasion by N. gonorrhoeae 
 
Evasion Mechanism Cell Type Reference 
Inhibition of PRR-mediated 
phagocytosis by outer 
membrane protein 
antigenic variation 
Epithelial cell line and 
PMNs 
Reviewed in Virji et al. 
2009 
Inhibition of antibody 
binding by outer membrane 
protein antigenic variation 
IgG antibodies 
Cohen et al., 1992 
Shafer et al., 2002 
Inhibition of phagosome-
lysosome fusion 
PMN Johnson et al. 2013 
Quench ROS PMN 
Criss et al., 2008 
Seib et al., 2004 
Down regulation of pro-
apoptotic proteins 
T84 epithelial cells Howie et al., 2008 
Inhibition of antigen 
presentation 
Dendritic Cells Zhu et al., 2012 
Induction of tolerogenic 
phenotypes 
Macrophages 
Escobar et al., 2013 
Ortiz et al. 2015 
Degradation of IgA1 via 
IgA1 protease 
IgA antibodies Blake et al., 1978 
Inhibition of T helper cell 
differentiation 
T-cells Zhu et al., 2012 
Reduced antibody 
production 
B-cells 
Pantelic et al., 2005 
Boulton et al., 2002 
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This table lists the N. gonorrhoeae components or evasion mechanisms used to prevent 
host bacterial degradation following infection. It shows both the bacterial evasion 
mechanism and the host cell or mechanism that is evaded.  
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(Brooks and Lammel, 1989). T-cell stimulating gonococcal antigens have also been 
detected in serum from patients infected with whole bacterium, but not those exposed to 
porin alone (Simpson et al., 1999). As with phagocytic cells, the gonococcus has adapted 
various mechanisms to diminish the effect of both the host antibody and T-cell responses. 
Adaptive antibodies are classically created against specific antigens on the outer membrane 
of N. gonorrhoeae. To combat gonococcus directed antibodies, N. gonorrhoeae undergoes 
high frequency antigenic variation of several of its outer membrane proteins such as Opa, 
pilin, and LOS core saccharides, to prevent antibody binding (Table 3, (Cohen and 
Sparling, 1992, Shafer et al., 2002, Maroglin et al., 1997). N. gonorrhoeae also produces 
an IgA1 protease that actively degrades certain IgA antibodies that are present within the 
mucus secretions along the epithelium (Table 3, (Blake and Swanson, 1978). Interestingly, 
the bacterium can also use the host antibody IgA to protect from specific IgG binding and 
ensuing bacterial degradation (Rice et al., 1986, Apicella et al., 1986). Though an adaptive 
response is mounted against N. gonorrhoeae, long lasting humoral responses however fail 
to develop, allowing for repeat infection with re-infection by both unique and the same 
strains of N. gonorrhoeae (Hedges et al., 1999, Hedges et al., 1998, Fox et al., 1999, 
Schmidt et al., 2001, Jerse et al., 2014). This can be in part the result of the ability of N. 
gonorrhoeae to directly prevent of T helper cell subtype differentiation and reduce 
antibody production in B-cells (Table 3, (Escobar et al., 2013, Zhu et al., 2012, Pantelic et 
al., 2005, Boulton and Gray-Owen, 2002).  
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Cell death  
 Host cell death can occur by various pathways, whereby each pathway has its own 
physical characteristics, inflammatory outcomes, and protein dependency (Figure 2). Cell 
death is classically considered either programmed, dependent on a set of enzymes, or 
passive, resulting from over stimulation. Recent studies, however, have shown that all 
forms of cell death have a programmed component to their execution.  
 The two classic cell death pathways are apoptosis and necrosis, which were deemed 
active and passive, respectively. New studies show that necrosis does have a specific 
pathway for induction and execution of cell death, and has been ‘renamed’ necroptosis. In 
addition to these classic pathways, a newly identified form of cell death, pyroptosis, has 
been discovered having properties of both apoptosis and necrosis (Figure 3, (Fink and 
Cookson, 2005).  
 Apoptosis is a tightly-regulated, genetically-encoded form of cell death that is 
widely thought of as anti-inflammatory. This form of cell death removes damaged, 
abnormal or infected host cells through a series of signaling cascades. It can be triggered 
by either internal (intrinsic) or external (extrinsic) stimuli (Figure 2). The intrinsic pathway 
is activated by internal stresses such as loss of mitochondrial membrane potential or lack 
of nutrients, whereas the extrinsic pathway is initiated by the ligation of cell death receptors 
such as TNF-α and CD95/Fas (Duprez et al., 2009). While each pathway is activated by 
different stimuli, they both rely on cysteine-dependent aspartate-specific proteases called 
caspases. Extrinsic activated apoptosis following receptor ligation activates the initiator 
caspase-8, while intrinsic apoptosis activates initiator   
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Figure 2. Major cell death pathways 
Schematic of three major cell death pathways including and dependent enzymatic proteins, 
highlighted in green. Apoptosis is stimulated by either intracellular (intrinsic) or 
extracellular (extrinsic) stimuli converging on the activation of caspase-3. Caspase-3 
activation leads to cell degradation. Apoptotic cells stimulate the production of IL-10 and 
TGF-β from macrophages, classifying it as an anti-inflammatory form of cell death. 
Necrosis is a lytic form of cell death stimulated by extracellular stimuli resulting in the 
activation of 3 kinases: receptor-interacting serine/threonine-protein kinase 1 and 3 
(RIPK1/RPIK3) and mixed lineage kinase domain-like protein (MLKL). Activation of 
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these kinases signals for the formation of outer membrane pores leading to cell lysis. Cell 
lysis releases intracellular components such as organelles and proteins; these stimulate pro-
inflammatory cytokine production from surrounding immune cells. Pyroptosis is a cross 
between apoptosis and necrosis. Like apoptosis, pyroptosis is stimulated by intracellular 
and extracellular stimuli resulting in caspase activation. However, pyroptosis is dependent 
on immune caspases 1 and 4 activation. Resulting immune caspase activation leads to the 
production of outer membrane pores and cell lysis like necrosis, classifying pyroptosis as 
a pro-inflammatory cell death pathway (Bergsbaken et al., 2009, Fink and Cookson, 2005) 
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Figure 3. Characteristics of major cell death pathways  
A comparison of three different cell death pathways demonstrating individual and 
overlapping characteristics amongst them. Adapted from (Fink and Cookson, 2005). 
  
Pyroptosis 
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caspase-9 (Duprez et al., 2009). Despite different initiator caspases, both pathways 
converge on the same execution caspases 3 and 7. Executioner caspases are named as such 
because following their activation they lead to the morphological characteristics of 
apoptosis: DNA degradation, cell shrinkage, and membrane blebbing (Figure 3, 
(Nicholson, 1999). Organelles within dying cells are packaged into apoptotic bodies 
composed of the outer membrane. During apoptotic body formation, phosphatidylserine 
(PS) rotates in the outer membrane from the cytosol to extracellular. The rotation of PS in 
the outer membrane serves as an ‘eat me’ signal for macrophages to clear the dying cell   
(Yoshida et al., 2005, Segawa et al., 2014). The ingestion of apoptotic cells by 
macrophages is immunologically silent, failing to induce the production of pro-
inflammatory mediators. In some cases, the ingestion of apoptotic bodies signals the 
production of anti-inflammatory mediators such as IL-10 (Fink and Cookson, 2005).  
 Where apoptosis is immunologically silent, necrosis or necroptosis is instead 
immunologically inflammatory. Morphologically, cells undergoing necroptosis have 
swelling organelles, absence of DNA fragmentation, release of mitochondrial reactive 
oxygen species, and outer membrane rupture with consequential cell lysis (Figure 3, 
(Kaczmarek et al., 2013). Like apoptosis, necroptosis has a distinct signaling pathway, 
despite some overlapping stimulating factors (Degterev and Yuan, 2008, He et al., 2009). 
Both apoptosis and necroptosis are stimulated by TNF, but cells will undergo necroptosis 
when caspase-8 is inhibited (Kroemer et al., 2009, Festjens et al., 2006). Where apoptosis 
is dependent on caspases however necroptosis is dependent on receptor-interacting 
serine/threonine-protein kinase 1 and 3 (RIPK1 and RIPK3) and mixed lineage kinase 
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domain-like protein (MLKL, Figure 2). The result of necrotic cell lysis is the release of 
intracellular components, known as damage-associated molecular patterns (DAMPs), that 
act to promote the production of pro-inflammatory mediators from surrounding cells 
(Murakami et al., 2014, Jacob et al., 2013). 
 Another form of programmed cell death is pyroptosis. This inflammatory cell death 
has been predominantly described in myeloid cells, unlike apoptosis and necroptosis that 
can occur in any cell type (Figure 2, (Fink et al., 2008, Bergsbaken et al., 2009, Chen et 
al., 2014). Morphologically, pyroptosis is similar to necroptosis with regards to cell 
swelling and lysis; however, its signaling cascade is more reminiscent of apoptosis with 
dependency on caspases (Figure 3). Where apoptosis is dependent on death caspases 3 and 
7, pyroptosis is dependent on immune caspases 1 and 4 (Bergsbaken et al., 2009, Miao et 
al., 2010). Pyroptosis is initiated by both extracellular pathogen-associated molecular 
patterns (PAMPs) or intracellular lipoproteins such as lipopolysaccharide (LPS) (Shi et al., 
2014). Like apoptosis, the initiating stimuli determine which pathway cells execute for 
pyroptosis. Extracellular stimuli initiate the canonical pathway in a caspase-1-dependent 
manner, whereas intracellular lipoproteins initiate the non-canonical caspase-4-dependent 
pathway (Figure 2, (Miao et al., 2010, Shi et al., 2014, Knodler et al., 2014). The 
dependency on immune caspase activity imparts pyroptosis with an additional 
inflammatory aspect that is characteristically accompanied by the production and secretion 
of IL-1β and IL-18. The phenotypic swelling and lysis in pyroptosis is the result of caspase-
1 activation, where it migrates to the outer membrane creating pores leading to osmotic 
lysis. Cell lysis releases DAMPs like necroptosis, further amplifying the inflammatory 
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nature of pyroptosis (Bergsbaken and Cookson, 2007). It should be noted that DNA 
degradation occurs in pyroptosis like apoptosis but the mechanism is different leading to a 
different laddering effect seen by agarose gel electrophoresis (Bergsbaken and Cookson, 
2007).  
Microbial induced cell death 
 Induction of cell death is a common defense mechanism during microbial infection 
to coordinate immune responses and minimize tissue damage by regulation of 
inflammatory mediators. Distinct forms of cell death result in different consequences on 
the host immune response (Wallach et al., 2014, Rock and Kono, 2008). With different 
immunological effects on the host, pathogens have evolved to exploit different pathways 
for their survival (Rudel et al., 2010, Lamkanfi and Dixit, 2010). A host cell may initially 
repress induction of cell death following infection to allow it to mount a defense via the 
production of antimicrobial peptides, cytokines or activation of complement, allowing 
pathogen clearance. However, if these actions do not clear the pathogen, cell death can be 
induced by the host to eliminate a possible intracellular niche for microbial replication 
(Ashida et al., 2011). In contrast, pathogens inhibit cell death to preserve their intracellular 
niche to replicate away from surveilling immune cells. Also, pathogens can induce cell 
death to eliminate a cell that would otherwise lead to its demise.  
 Regulation of apoptosis by pathogens is the most widely reported cell death 
pathway (Ashida et al., 2011). As a primary cell type for pathogen clearance, phagocytes 
such as macrophages and PMNs have been extensively studied in relation to pathogen 
modulation of apoptosis (Bergsbaken et al., 2009, Sridharan and Upton, 2014). Some 
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pathogens such as Yersinia and Shigella induce rapid apoptosis in macrophages upon 
phagocytosis thereby preventing their subsequent degradation (Weinrauch and Zychlinsky, 
1999). Other pathogens such as Chlamydia trachomatis and Legionella pneumophila 
inhibit apoptosis so that they can replicate within the host cell (Laguna et al., 2006). 
Apoptosis isn’t the only cell death pathway that is regulated by pathogens. Pyroptosis and 
necroptosis are also modulated by different pathogens. Necroptosis is modulated by 
Mycobacterium tuberculosis to allow for transmission from cell to cell (Yabal et al., 2014, 
Sridharan and Upton, 2014). Salmonella, Yersinia, and Francisella all promote host cell 
death via pyroptosis (Bergsbaken and Cookson, 2007, Henry et al., 2007, Fink et al., 2008). 
Cell death pathways can also be skewed upon bacterial infections. Typically, in these cases, 
host cells will promote lytic cell death versus apoptosis. It is thought that host cell death 
by pyroptosis promotes a pro-inflammatory environment for better pathogen clearance by 
the host (Sridharan and Upton, 2014, Knodler et al., 2014, Stowe et al., 2015). Despite this 
theory, exploitation of cell death remains a mechanism commonly utilized by pathogens. 
 
Modulation of host cell death by N. gonorrhoeae 
 Several conflicting reports have described either induction of or protection from 
cell death by N. gonorrhoeae (Table 4). Even within similar cell types such as epithelial 
cells or B-cells, some studies have shown that N. gonorrhoeae can promote host cell 
survival while others have shown that it can induce cell death  
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Table 4. N. gonorrhoeae differentially modulates cell death depending on cell type 
Cell Type Strain 
Cell Death 
Outcome 
STS-
Induced 
Cell 
Death 
Multiplicity 
of Infection 
(MOI) 
Citation 
Epithelial Cells 
Immortalized 
endocervical 
cell line 
FA1090B Inhibits Yes 10 and 100 
Follows et al., 
2009 
Immortalized 
endocervical 
cell line 
FA1090B 
Induces 
necroptosis 
No 10 
Nudel et al., 
2015 
Immortalized 
urethral 
cell line 
1291 Inhibits Yes 10 and 100 
Binnicker et al., 
2003 
Primary 
fallopian tube 
P9 
variant -
17 
Inhibits 
TNF-α 
induced 
10 and 100 
1 induces 
Morales et al., 
2006 
T84 human 
colon 
N400 Inhibits Yes 50 
Howie et al., 
2008 
HeLa 
N242 
VPI 
Induces No 1 
Müller et al., 
1999 
Kepp et al., 
2009 
PMN 
HL-60 
differentiated 
to PMN 
FA1090 Inhibits Yes 10 
Chen and 
Seifert, 
2011 
Primary 
PMN 
1291 Inhibits Yes 1 
Simons et al., 
2006 
Monocytes 
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THP-1 cell 
line 
FA1090 
Induces 
caspase-
independent 
No 0.2 
Duncan et al., 
2009 
B-cell 
Chicken B-
cell line 
MS11 Induces No 25 
Pantelic et al., 
2005 
Primary B-
cell 
MS11 
Opa- 
N2061 
N2066 
Reduces 
susceptibility 
to apoptosis 
No 10 
So et al., 
2012 
Macrophages 
Monocyte-
derived 
macrophages 
FA1090 Inhibits Yes 1 
Château & 
Seifert, 
2015 
 
Table of host cells and their cell survival outcome following N. gonorrhoeae stimulation. 
This table lists the cell type, bacterial strain and MOI for either promotion or repression of 
host cell survival. Host cell survival was determined either in the presence or absence of 
additional cell death inducing agents such as staurosporine (STS) or TNF-α. 
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 (Binnicker et al., 2003a, Follows et al., 2009, Müller et al., 1999, Müller et al., 2000, Kepp 
et al., 2009, Massari et al., 2003, Pantelic et al., 2005, So et al., 2012). Some of the 
inconsistencies could be a result of a relatively narrow idea of cell death. Since the 
publication of these studies, pathways of cell death have been expanded to include 
pyroptosis and necroptosis, both of which have different molecular markers from apoptosis 
(Figure 2). In addition, recent reports in other bacteria show that different host cells can 
have varied cell death mechanisms despite being induced by the same pathogen (Clark and 
Maurelli, 2007, Suzuki et al., 2007, Lamkanfi and Dixit, 2010).  
 Monitoring cell death is easier than monitoring inhibition of host cell death in the 
response to a pathogen. General analysis of microbial induced cell death can be ascertained 
by simply monitoring host cell death following stimulation, however microbial inhibition 
of cell death must be determined by addition of exogenous stimuli, typically staurosporine 
(STS), a chemical inducer of apoptosis. A majority of studies monitoring host cell death 
following N. gonorrhoeae infection have reported inhibition of cell death in various 
immortalized epithelial cell lines including endocervical cells, urethral cells, and HeLa 
cells. Our lab has shown with immortalized endocervical cells that N. gonorrhoeae protects 
from STS-induced cell death (Follows et al., 2009). In a similar experiment but using 
immortalized urethral cells, researchers have shown similar results with inhibition of STS-
induced apoptosis following N. gonorrhoeae stimulation (Binnicker et al., 2003a). Studies 
using primary fallopian tube cells have also reported N. gonorrhoeae-imparted protection 
from TNF-α-induced cell death (Morales et al., 2006). Inhibition of apoptosis via STS or 
TNF-α has been correlated to an up regulation of anti-apoptotic factors cellular inhibitor 
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of apoptosis protein-2 (cIAP2) and bfl-1, as well as the down regulation of pro-apoptotic 
factors Bim and Bad (Binnicker et al., 2003a, Follows et al., 2009). N. gonorrhoeae porin, 
has been shown to also inhibit STS-induced apoptosis in immortalized epithelial cells 
(Massari et al., 2002, Follows et al., 2009). However, contradicting studies have suggested 
that porin instead promotes apoptosis in epithelial cells. These studies have utilized the 
immortalized cell line HeLa in combination with either live N. gonorrhoeae or purified 
porin and reported mitochondrial depolarization and apoptosis induction (Müller et al., 
1999, Kepp et al., 2009). Our laboratory recently reported induction of cell death in 
immortalized endocervical cells following N. gonorrhoeae stimulation (Nudel et al., 2015). 
In these studies, a marker for apoptosis, caspase-3 activity was not found in bacteria-
stimulated cultures consistent with our previously published study (Follows et al., 2009). 
However, continual interrogation showed increased cell lysis and lack of immune caspase 
activity, concluding that N. gonorrhoeae induces necroptosis, rather than apoptosis in 
immortalized endocervical cells (Nudel et al., 2015). Discrepancies could be due to 
variation in cell type, duration of stimulation, strain and MOIs (Table 4). With the 
expansion of forms of cell death, solely monitoring apoptotic markers such as caspase-3 
and mitochondrial depolarization can be too narrow as cells could be undergoing 
pyroptosis, measured by dependency on immune caspase activation and cell lysis, or 
necroptosis, measured by cell dependency on RIPK 1/3 and MLKL in addition to cell lysis. 
 In the case of neutrophils, both exogenous-induced cell death and the short half-life 
have enabled investigators to demonstrate N. gonorrhoeae-induced inhibition of PMN 
apoptosis (Simons et al., 2006, Chen and Seifert, 2011). These studies have shown 
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prolonged PMN viability following N. gonorrhoeae stimulation. Other immune cells such 
as the monocyte, have been shown to undergo non-apoptotic lytic cell death following 
pathogen stimulation (Duncan et al., 2009). Contradicting reports have been published on 
the ability of N. gonorrhoeae to induce B-cell death (Pantelic et al., 2005, So et al., 2012). 
These studies have fundamental variations in experimental approach, which could explain 
lack of concordance. Pantelic et al., utilizing an immortalized chicken B-cell line, reported 
induction of apoptosis following N. gonorrhoeae stimulation while So et al., using a lower 
MOI and primary peripheral blood derived B-cells, reported inhibition of apoptosis 
(Pantelic et al., 2005, So et al., 2012). There are limited studies analyzing T-cell responses 
following N. gonorrhoeae stimulation, however these studies do not report induction of 
cell death (Boulton and Gray-Owen, 2002). Similarly, there is a lack of studies directly 
monitoring dendritic cell death following N. gonorrhoeae stimulation, however when 
monitoring other functional effects, such as antigen presentation, studies have shown N. 
gonorrhoeae does not induce cell death in dendritic cells (Zhu et al., 2012). As one of the 
most prominent mucosal immune cells, macrophage cell death response to N. gonorrhoeae 
is understudied (Trifonova et al., 2014, Acosta-Dibarrat et al., 2014). While there are ample 
studies on the ability of macrophages to respond to N. gonorrhoeae by monitoring cytokine 
production and heightened phagocytosis, limited studies have examined the ability to 
induce or repress macrophage cell death (Makepeace et al., 2001, Hauck, 1997, Mosleh, 
1998, Jones, 1980). The sole study to date that has analyzed MDM cell death in response 
to N. gonorrhoeae only examined apoptosis within the first 5 hours (hr) of stimulation 
(Chateau and Seifert, 2015). These studies only monitored caspase-3 activity in MDMs 
  
29 
treated with STS following bacterial stimulation. By not investigating immune caspase 
activation or longer incubation times for cell death analysis, researchers ignore other 
possible pro-inflammatory mechanisms of cell death.  
 
Hypothesis and Aims 
 Previous studies have reported conflicting results on the ability N. gonorrhoeae to 
induce host cell death. Induction or repression of host cell death following N. gonorrhoeae 
stimulation seems to be dependent on cell type, incubation time and MOI. Overall, while 
there is a large body of data reporting the functional consequences of N. gonorrhoeae 
stimulation of macrophages, there is little reporting on cell death pathways. Chateau et al. 
reported on N. gonorrhoeae ability to modulate macrophage cell viability but reported only 
on apoptotic markers, thus ignoring additional cell death pathways (Chateau and Seifert, 
2015). Analysis of other more pro-inflammatory mechanisms of cell death can resolve if 
macrophages are dying as the result of N. gonorrhoeae stimulation. Determination of 
macrophage cell death would give better insight into the lack of long-lasting immunity to 
N. gonorrhoeae and aid in vaccine research, since macrophages serve as a link between the 
innate and adaptive immune systems. Elimination of the macrophage population impairs 
cytokine production and antigen presentation to B-cells for development of pathogen-
specific antibodies. Understanding how and why macrophages die in response to N. 
gonorrhoeae can promote better understanding of disease pathogenesis and lack of 
immunological memory. We hypothesized that N. gonorrhoeae induces pyroptosis in 
human macrophages. To test this hypothesis, we proposed the following aims: (1) To 
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define the cell death pathways and inflammatory responses induced by N. gonorrhoeae in 
human macrophages. (2) To define the functional consequences of cell death on naïve 
macrophages.  
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Chapter 2. Materials and Methods 
THP-1 cell cultures and differentiation protocol 
THP-1 cells were originally derived from the peripheral blood of a 1-year-old male 
and immortalized (Tsuchiya, 1980a). These cells have characteristics consistent with 
monocytes and can be differentiated into macrophage-like cells. Cells were maintained as 
monocytes at 37°C in 5% CO2 incubator in flasks containing 10% fetal bovine serum 
(FBS)/ Roswell park memorial institute medium (RPMI) plus 0.05mM β-2-
mercaptoethanol in the absence of antibiotics. Cultures were passaged no more than 10 
times prior to thawing a new stock. Cells were grown to approximately 60-70% confluence 
before dividing into a new flask. In brief, cells were centrifuged for 10 minutes (min) at 
500 relative centrifugal force (rcf), washed three times in phospho-buffered saline (PBS) 
and then re-suspended in 10% FBS/RPMI + β-2-mercaptoethanol. Cells were then diluted 
1:10 and placed in new flasks.  
Terminal differentiation into macrophage-like cells was performed by addition of 
10nM phorbol 12-myristate 13-acetate (PMA, Sigma Aldrich) to cultured THP-1 
monocytic cells. For experiments analyzing cell death by trypan blue exclusion and flow 
cytometry, cells were incubated in a total volume equivalent to 2x106 cells/mL with PMA 
for 10 min. Following PMA stimulation, an equal volume of 5%FBS/RPMI was added for 
a final concentration of 1x106 cells/mL and added to 6 well non-tissue culture treated plates. 
For assays monitoring caspase activity by commercially available activity assays or 
Western blot analysis, cells were stimulated with PMA in cultures with a density of 4x106 
cells/mL. After PMA stimulation, cells were diluted with an equal volume of media for 
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final concentrations of 2x106 cells/mL and added to 6-well non-tissue culture treated plates. 
Following seeding, cells were incubated in plates for 48 hr to allow cell differentiation to 
proceed. At this time, cells were washed 3 times in PBS, followed by addition of fresh 
media containing a 50/50 mix of 5% FBS/RPMI and keratinocyte serum-free media 
[KSFM (experimental media)]. Cells were rested in experimental media for 24 hr before 
media was changed a final time. Resulting cells were deemed differentiated THP-1 cells 
(dTHP-1), containing a macrophage-like phenotype and were used immediately for 
experiments. 
 
Peripheral blood monocyte-derived macrophage cultures 
 Primary macrophages were harvested from human peripheral blood received de-
identified from NY Biologics, Inc (Southampton, NY). In brief, monocytes were isolated 
from peripheral blood through Ficol centrifugation gradient, followed by plating into non-
treated tissue culture treated 10 cm petri dishes at a concentration of 5x107cells/mL in 
RPMI/10% FBS/10% Human Serum (AB Mixed Male Female Serum, Fisher). Following 
24 hr, cells were washed three times in warmed PBS, leaving only adherent cells to undergo 
differentiation in fresh media composed of 5mM 4-(2-hydroxyethl)-1-
piperazineethanesulfonic acid (HEPES)/10% FBS/10% Human Serum/RPMI (Monocyte-
derived macrophage (MDM) media). After 7 days, the MDMs were counted and seeded 
for experiments. To release cells for counting, cells were treated with Cell StripperTM 
(3mLs per dish; Corning, Corning, NY) for 10 min at 37°C in 5% CO2 incubator. Cells 
were supplemented with an equal volume of MDM media following Cell StripperTM 
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incubations and gently scraped. MDMs were then centrifuged at 500 rcf for 10 min and 
then counted. For trypan blue and flow cytometry, cells were seeded at a density of 1x106 
cells/mL. Caspase activity assays were performed in cultures with a seeded density of 
2x106 cells/mL. For inhibitor studies, cells were seeded at a density of 5x105 cells/mL. 
Finally, for confocal experiments cells were seeded at a concentration of 2.5x105 cells/mL. 
 
N. gonorrhoeae cultures 
Several different strains of N. gonorrhoeae were used within these studies. The 
majority of experiments were conducted with N. gonorrhoeae strain FA1090B (obtained 
from J. G. Cannon, University of North Carolina School of Medicine, Chapel Hill), which 
expresses the OpaB adhesin protein in the absence of all other Opa proteins, thereby 
eliminating any variations in the invasion process resulting from Opa phase variation (Cole 
et al., 2010). For confocal microscopy studies, green fluorescent protein (GFP)-expressing 
N. gonorrhoeae strain F62 (F62-GFP) was utilized (Fichorova et al., 2001). Finally, for 
LOS experiments, a mutant on the 1291 background was utilized (1291ΔmsbB) obtained 
from Michael Apicella, University of Iowa. The mutant strain has a deletion in the msbB 
gene, which was replaced with the kanamycin-resistant cassette. Deletion of msbB prevents 
the addition of the final acyl-chain on the lipid A component of LOS, such that the resulting 
mutant strain produces a penta-acylated LOS as opposed to hexa-acylated LOS produced 
by the wild-type strain (Post et al., 2002).  
All bacteria were plated on chocolate agar plates from frozen stocks and incubated 
overnight at 37°C in a 5% CO2 incubator shaking at 100 rpm. The following day, colonies 
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were inoculated in Chemically Defined Medium (CDM) and grown in broth cultures for 3 
hr at a density of O.D. ~0.1-0.2 (Heil et al., 2002b). To generate formalin-fixed (FF) 
bacteria, broth cultures were centrifuged at 2000 x g for 10 min and re-suspended in 4% 
formalin diluted in PBS (Sigma, St. Louis, MO). The bacteria were incubated in the 
formalin solution for 2 hr on a rocker at room temperature. Fixed bacteria were then 
pelleted at 2000 x g for 10 min and washed in sterile PBS 3 times before re-suspending in 
experimental media. FF bacteria were stored at 4°C for up to 2 months.  
 
Quantitative reverse transcription-polymerase chain reaction (qRT-PCR) 
 RNA was isolated from dTHP-1 cells after 24 hr of resting, using Trizol reagent 
(Invitrogen, Grand Island, NY) per manufacturer’s instructions. Glycogen was added to 
visualize pellets and RNA pellets were washed twice with 70% ethanol. Final RNA pellets 
were re-suspended in 50μL RNAase free water. DNA was removed using the TURBO 
DNA-free kit (Invitrogen, Grand Island, NY) per manufacturer’s instructions. Following 
DNA depletion, RNA concentration was assessed by measuring absorbance at 260/280 
spectrophotometrically on ND-1000 (NanoDrop®). Reverse transcription was performed 
on 500ng of total RNA in a final volume of 20μL using the High-Capacity Reverse 
Transcription Kit (Applied Biosystems, Grand Island, NY) per manufacturer’s instructions 
on a BioRad C1000 Thermal Cycler. The qPCR reactions were performed using 4μL of 
cDNA, 10μL TaqMan® Gene Expression Master Mix and 1μL of TaqMan® Gene 
Expression Assay Primer Mix (Hs000169122_g1) in a total volume of 20μL (Applied 
Biosystems). Reactions were carried out in the Step One Real Time PCR System under the 
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following conditions: 50°C for 2 min, 95°C for 10 min followed by 40-45 cycles of 95°C 
for 15 seconds (sec) and 60°C for 1 min in which fluorescence was measured. mRNA for 
CD14, LPS receptor, was measured during and reported in the relative levels of expression. 
Relative levels of expression between control and treated samples were calculated using 
the 2-ΔΔCt=ΔCt treatment-ΔCt control. The expression levels were then subjected to a log2 
transformation to produce fold change. The control sample was THP-1 monocytes not 
treated with PMA after the 72 hr differentiation protocol. Reactions were normalized to the 
housekeeping gene β-actin (ACTB hs01060665_g1) to quantify relative gene expression. 
A no template control was used for each primer as a negative control.  
 
Macrophage cell stimulation 
Prior to experiments the number of colony forming units (CFU) for an OD600 of 1.0 
was determined the day before infection and was approximately 6-9x108 bacteria/mL. On 
the day of the experiment, cells were washed and given fresh experimental media 
depending if they are dTHP-1 cells or MDMs. Bacteria from liquid CDM cultures were 
centrifuged at 2000 x g for 10 min and re-suspended in appropriate culture media at an 
optical density (OD600 nm) of 1.0. Bacteria were then diluted to obtain the proper 
multiplicity of infection (MOI) prior to addition to macrophage cultures. For each 
experiment, the inoculum was diluted and plated to determine the number of CFUs and the 
actual MOI used. The co-cultures were maintained at 37°C in a 5% CO2 incubator and 
harvested over the course of 24 hr for analysis. In some experiments, cells were incubated 
with 3μM STS (Sigma, St. Louis, MO) as a positive control for cell death, or 100ng/mL E. 
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coli LPS (E. coli O111:B4 ultra-pure, InvivoGen) and 5mM adenosine triphosphate (ATP, 
given 20 min prior to experimental completion).  
 
Determination of bacterial CFU in vitro co-cultures 
 Bacteria were incubated for 6 hr either in the presence or absence of either dTHP-
1 cells or MDMs, at which time the number of cell-associated, intracellular or non-cell-
associated (located within culture supernatants) bacteria were enumerated. For culture 
supernatants, 100μL of supernatant cultures were diluted in culture media and plated on 
chocolate agar plates. Associated and intracellular bacteria were only determined in 
cultures containing macrophages. To determine the number of associated bacteria, cells 
were washed three times with PBS followed by a 10 min incubation at 37°C in a 1% 
saponin solution in order to lyse host cells. The saponin solution was then diluted and 
plated on chocolate agar. Finally, to determine the number of intracellular bacteria, 
macrophages were incubated with 50μg/mL gentamicin for 1.5 hr at 37°C, followed by cell 
lysis with 1% saponin for 10 min at 37°C and subsequent diluting and plating on chocolate 
agar. All plates were incubated at 37°C, allowing for colonies to be counted the following 
day. For experiments utilizing inhibitors, inhibitors were added prior to bacteria as 
previously stated.  
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Western blot analysis 
Protein preparation 
 For lysate analysis, adherent and supernatant pellets were combined and then 
treated with 30μL radio-immunoprecipitation assay buffer (RIPA, 25mM Tris HCL, pH 
7.6, 150mM NaCl, 1%NP-40, 1% sodium deoxycholate, 0.1% sodium dodecyl sulfate, 
Thermo Scientific, Waltham, MA) plus Halt protease inhibitor cocktail (Thermo Scientific, 
Rockford, IL). Pellets were lysed overnight at -80°C and thawed on ice the next day. 
Protein concentrations were determined by a bicinchoninic acid (BCA) protein assay 
(Sigma). In short, a protein standard curve of bovine serum albumin (BSA) was made in 
RIPA buffer. BCA was mixed with 4%(w.v) CuSO4  5H2O at a ratio of 5mL to 100μL to 
create a working reagent. This solution was added to a 1:10 dilution of sample at a volume 
of 100μL in a 96 well plate. The plate was incubated at 37°C for 30 min and absorbance 
was read at 562 nm. Protein concentrations were determined using linear regression from 
the standard curve. Cell lysates were diluted in Laemmli sample buffer (Bio-Rad, Hercules, 
CA) at a concentration of 25μg/mL for western blot analysis. 
 
Electrophoresis, blotting and expression analysis 
 Laemmli treated samples were separated by 15% sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) in running buffer (25mM Tris, 192mM 
glycine, 0.1% sodium dodecyl sulfate; Sigma) with molecular weight marker (Fisher EZ 
Run BP3603-1; Thermo Scientific) at 90 volts for 2 hr. Proteins were then transferred to 
polyvinyldifluoride membranes (Bio-Rad, Hercules, CA), blocked with 5% milk in Tris-
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buffered saline with 1% tween (TBS-T) and probed with the following antibodies: caspase-
1, caspase-4, and beta-actin (#3866, Cell Signaling; #4450, Cell Signaling; #A1978, 
Sigma), the latter as a loading control. Primary antibodies were incubated overnight at 4°C 
with rotation at a 1:1,000 dilution in blocking buffer. Following overnight incubations, 
membranes were washed with TBS-T and incubated with secondary antibodies (goat anti-
rabbit conjugated to horseradish peroxidase (Cell Signaling Technology, Danvers, MA). 
Secondary antibodies were diluted 1:10,000 in 5% milk in TBS-T and incubated at room 
temperature for 1 hr. Membranes were then washed with TBS-T and developed using 
chemiluminescent reagents (ECL Prime Western Blotting Detection Systems, GE 
Healthcare, Piscataway, NJ) and exposed to film on a Kodak X-omat processor (Thermo 
Scientific, Rockford, IL).  
 
Immunoprecipitation of host cell caspases 
 Differentiated THP-1 cells were incubated with either inflammasome 
control, 100ng/mL LPS followed by 5mM ATP 20 min prior to harvest (LPS/ATP, E. coli 
O111:B4 ultra-pure, InvivoGen), or live bacteria at a MOI of 10 and 100 (FA1090B) as 
previously stated. Culture supernatants were centrifuged at 700 rcf for 10 min to remove 
any cell debris and bacteria. Supernatants were then stored at -80°C until analysis. For 
analysis, supernatants were thawed on ice. While supernatants were thawing, a 50/50 
cocktail of protein A and protein G agarose beads was prepared via 3 PBS washes (Santa 
Cruz Biotechnology, Dallas, TX). After supernatants were thawed, 10μL of beads were 
added and were incubated at 4°C with rotation for 2 hr to remove non-specific protein 
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binding. Afterwards, samples were centrifuged at 10,000 rpms for 10 min and supernatants 
were split into three tubes containing 1μL of each precipitating antibody. Supernatants 
were treated with caspase-1, caspase-4 or caspase-5 antibodies and allowed to precipitate 
overnight at 4°C with rotation (#2225, Cell Signaling; #4450, Cell Signaling; #4429, Cell 
Signaling, Danvers, MA). The next day, supernatants were treated with 20μL prepared 
beads and incubated at 4°C with rotation for 2 hr. Supernatant-bead samples were 
centrifuged at 10,000 rpms. Supernatants were removed and saved, while beads were 
treated with 30μL 2x Laemmli buffer with 10nM dithiothreitol (DTT) and analyzed via 
Western Blot as described above (Bio-Rad, Hercules, CA).  
 
Determination of macrophage cell death by trypan blue exclusion 
After either N. gonorrhoeae stimulation, cell death control STS, or inflammasome 
control (100ng/mL LPS (E. coli O111:B4 ultra-pure, InvivoGen) followed by 5mM ATP 
30 min prior), cells were harvested for cell death analysis. Cell death was monitored over 
the course of 24 hr at time points 1, 6, 12, and 24 hr. Culture supernatants were removed 
and centrifuged for 10 min at 700 rcf. Any remaining adherent cells were incubated with 
trypsin (Corning, Corning, NY) for 10 minutes at 37˚C, followed by addition of 10% 
FBS/RPMI. Cultures were gentle pipetted to release any remaining adherent cells. Lifted 
cells were then combined with pelleted cells from supernatant fractions. Combined samples 
were then diluted 1:20 in trypan blue and counted for total cell number using a 
hemocytometer. Cell death is distinguished by that fact that live cells can exclude trypan 
blue, while dead cells cannot and are observed as trypan blue positive.  
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Flow cytometric analysis 
Determination of macrophage populations 
 To determine if differentiation of both dTHP-1 cells and MDMs was successful, 
cells were analyzed by flow cytometry by evaluating macrophage surface marker 
expression. Cells were stained with CD11b-APC and CD68-FITC to select for macrophage 
populations (Biolegend, San Diego, CA (Murray and Wynn, 2011). Stain-treated cells were 
incubated for 30 min at 4˚C, cells were then washed with 0.5% FBS/PBS. After staining, 
cells were analyzed on a BD LSR II (San Jose, CA) using FACSDivaTM acquisition and 
analysis software (Becton Dickinson, San Jose, CA). Gating was used to select for 
macrophages and exclude cellular debris. Data were evaluated using FlowJoTM software.  
 
Cell death analysis  
Bacteria-treated cells were harvested as above and stained for macrophage markers. 
In dTHP-1 studies, cells were treated with Annexin-V and propidium iodide (PI; 
Biolegend, San Diego, CA). Annexin-V treated cells were incubated at room temperature 
for 15 min, washed and treated with PI immediately prior to analysis. MDMs were only 
treated with PI following macrophage marker staining. After staining, cells were analyzed 
by flow cytometry on a BD LSR II (San Jose, CA) using FACSDivaTM acquisition and 
analysis software (Becton Dickinson, San Jose, CA). Gating was used to select for 
macrophages using macrophage markers CD11b and CD68. Populations that were negative 
for annexin-V and/or PI were considered alive. In dTHP-1 experiments, Annexin-V single 
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positive cells were determined to be apoptotic, single positive PI cells were necrotic, and 
double positive populations were both necrotic and late-stage apoptotic. For MDM studies, 
PI negative cells were alive while positive cells were dead. Data were evaluated using 
FlowJoTM software.  
As a marker of a specific cell death pathway apoptosis, MDMs were treated with 
Rhodamine 123 and examined by Flow Cytometry. Rhodamine 123 reports mitochondrial 
membrane integrity, a characteristic of apoptosis. Cells were incubated with 1µM 
Rhodamine 123 (Molecular Probes, Eugene, OR), for 30 min at 37˚C. Following 
incubation, cells were harvested as above and treated with macrophage marker stains 
CD11b-APC and CD68-PerCP/Cy5.5. After staining, cells were interrogated using flow 
cytometry.  
 
Cell death and bacterial association by confocal microscopy 
Sterile glass coverslips were placed in a non-treated 12-well plate prior to the 
addition of MDMs. Cells were plated at a concentration of 0.25-.5x106 cells/mL 24 hr prior 
to experiments. Cells were then treated with F62-GFP bacteria at an MOI of 10 and 100 or 
transfected with 100ng/mL purified E. coli LPS or 100ng purified N. gonorrhoeae LOS. 
Live bacteria experiments were conducted for 6 hr and purified lipoprotein experiments 
were stimulated for 2 hr prior to staining for confocal. After stimulations, cells were then 
treated with cell death stain, Zombie Red (Biolegend) as directed by the manufacturer. 
Zombie Red is a membrane impermeable stain that irreversibly binds to amines, membrane 
permeability is associated with cell death, and as such cytosolic staining indicates cell 
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death. Cells were then fixed with 4% paraformaldehyde solution in PBS for 10 min at room 
temperature, and permeabilized with 0.1% Triton X-100. Cells were then washed, blocked 
with 2% BSA/PBS solution, and stained with phalloidin AlexaFluor647 (Molecular 
Probes). Lastly, cells were washed a final time, air-dried and mounted with Vectashield 
DAPI mounting media (Vector Laboratories, Burlingame, CA) and stored in the dark. 
Readings for GFP, DAPI, Zombie Red, and AlexaFluor647 were performed at 470, 405, 
624, and 675 nm, respectively, using a Nikon AR1 confocal microscope. Images were 
analyzed by NIS-Elements Viewer (Nikon, Melville, NY). 
 
Caspase activity assays 
Harvested MDMs were stimulated for 6 hr with inflammasome control, 100ng/mL 
LPS followed by 5mM ATP 20 min prior to harvest (LPS/ATP, E. coli O111:B4 ultra-
pure, InvivoGen), cell death control (STS), or live bacteria (strains FA1090B, 1291, 
1291ΔmsbB) for 6 hr then analyzed for caspase activity. Combined adherent and 
supernatant cells were pelleted at 700 rcfs for 10 min following harvest. Cell pellets were 
then re-suspended in cell lysis buffer. Cell lysis buffers were provided by manufacturers 
for each assay. Re-suspended pellets were frozen overnight at -80˚C; the following day, 
pellets were thawed on ice for caspase-3 assays. For caspase-1 and caspase-4 assays, pellets 
were lysed on ice for 10 min then assayed immediately.   
Caspase-3 
 Caspase-3 activity was determined with an EnzChek caspase-3 assay kit no. 1 
(Molecular Probes, Eugene, OR), in which a fluorogenic substrate, Z-DEVD-AMC, 
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becomes fluorescent upon cleavage by active caspase-3. Thawed samples were centrifuged 
for 13,000 rpms for 10 min. Supernatants were transferred to a 96-well plate and incubated 
with Z-DEVD-AMC for 1 hr. The plate was read at an excitation/emission wavelength of 
365/465 nm using a Molecular Devices Spectra Max M5 fluorescence microplate reader 
with corresponding SoftMax Pro 4.8 software (Molecular Devices, Sunnyvale, CA).  
 
Caspase-1 
Caspase-1 activity was determined with a Caspase-1/ICE Colorimetric Assay Kit 
(BioVision, Milpitas, CA), in which a colorimetric substrate, YVAD-pNA, creates a color 
product upon cleavage by active caspase-1. Pellets were centrifuged at 10,000 x g for 10 
min to pellet cell debris. Supernatants were transferred to a 96-well plate and incubated 
with YVAD-pNA for 2 hr at room temperature. The plate was read at 400 nm for 
absorbance on Molecular Devices Spectra Max M5 with corresponding SoftMax Pro 4.8 
software (Molecular Devices). 
 
Caspase-4 
Caspase-4 activity was determined with a Caspase-4 colorimetric assay kit (MBL, 
International Corporation, Woburn, MA). This assay uses the colorimetric substrate, 
LEVD-pNA, to create a color product upon cleavage by active caspase-4. Thawed pellets 
were at 10,000 x g for 10 min to pellet cell debris. Supernatants were then transferred to a 
96-well plate and incubated with LEVD-pNA for 2 hr at room temperature. The plate was 
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read at 400 nm for absorbance on Molecular Devices Spectra Max M5 with corresponding 
SoftMax Pro 4.8 software (Molecular Devices). 
 
Caspase inhibition 
Prior to bacterial stimulation, macrophages were incubated with the following 
inhibitors; pan caspase (Z-VAD-FMK, R&D Systems, Inc.), caspase-3 (Z-DEVD-FMK, 
R&D Systems, Inc.), caspase-1 (Z-WEHD-FMK, R&D Systems, Inc.) and caspase-4 (Z-
YVAD-FMK, R&D Systems, Inc.). Each inhibitor was optimized for concentration and 
incubation length in THP-1 studies. Differentiated THP-1 cells were incubated at the 
following times and concentrations: 50μM pan inhibitor 1 hr prior, 20μM caspase-1 30 min 
prior, and 50μM caspase-4 1 hr prior (Garcia-Calvo et al., 1998, Maroglin et al., 1997). For 
MDM studies, all inhibitors were added 1 hr prior to bacteria at a concentration of 100µM. 
Following inhibition, cells were stimulated with either strains FA1090B, 1291 or 
1291ΔmsbB. 
 
Cytokine enzyme-linked immunosorbent assay (ELISA) 
Culture supernatants from bacteria-stimulated cultures were collected at 6 hr and 
stored at -80°C until analysis. ELISA analysis was performed using commercially available 
kits for human IL-1β, IL-6 and TNF-α (BD Biosciences, East Rutherford, NJ).  
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Lipoprotein transfection 
Isolated MDMs were seeded at a density of 5x105 cells/mL 24 hr prior to 
transfection. For transfections, either 100ng/mL of purified-LOS) or purified-LPS was 
combined with HBS for a combined volume of 50μL. In a separate tube, 300ng of 
transfection agent N-[1-(2,3-Dioleoyloxy)propyl]-N,N,N-trimethylammonium methyl-
sulfate (DOTAP, Sigma, St. Louis, MO) was combined with HBS for a volume of 100μL. 
Lipoprotein and DOTAP dilutions were combine for a total volume of 150μL and 
incubated for 20 min at room temperature. Reactions were added to each sample for 2 hr 
prior to analysis for cell death by confocal. 
 
Statistical analysis 
 All data were analyzed with GraphPad Prism software v.5 (GraphPad Software, 
Inc., San Diego, CA). Data were examined using t-tests or ANOVA with either a 
Bonferroni’s or Dunnett’s Multiple Comparison posttest. Data were considered 
statistically significant with a value of 0.05 or lower.  
 
Media, buffers and reagents 
All reagents were obtained from Sigma Chemical Corp. (St. Louis, MO) unless otherwise 
stated.  
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Chemically defined medium (CDM) 
Amino acids 
L-cysteine (0.15 mM, catalog # C 4424), L-hypoxanthine (0.37 mM, catalog # T 
8941), uracil (0.45 mM, catalog # U 0750) were dissolved in 100 ml of 1.0 N 
NaOH. 
L-alanine (1.1 mM, catalog # A 5824), L-arginine-HCl (0.71 mM, catalog # A 
5131), L-asparagine.H20 (0.17 mM, catalog # A 8381), L-aspartic acid (3.8 mM, 
catalog # A 6558), L-cysteine HCl (0.35 mM, catalog # C 1276), L-glutamic acid 
(8.8 mM, catalog # G 1626), L-glutamine (0.34 mM, catalog # G 3126), 
Glutathione reduced (0.15 mM, catalog # G 1404), Glycine (0.33 mM, catalog # 
G 7403), DL-histidine HCl-H2O (0.12 mM, catalog # H 7875), DL-isoleucine (0.23 
mM, catalog # J 5393), DL-leucine (.69 mM, catalog # L 7875), DL-lysine HCl 
(0.27 mM, catalog # L 6001), DL-methionine (0.1 mM, catalog # M 9500) DL71 
phenylalanine (0.15 mM, catalog # P1876), L-proline (0.43 mM, catalog # P 
8449), DL-serine (0.48 mM, catalog # S 4375), DL-threonine (0.42 mM, catalog # 
T 8375), and L-valine (0.51 mM, catalog # V 0500) were dissolved in 2000 ml 
double-distilled water (ddH2O). 
Amino acids in acid and base (from above) were added and made up to a 
volume of 2700 ml with ddH2O. 
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Vitamins/Biotin 
Thiamine HCl (0.0059 mM, catalog # T 4625). co-carboxylase (0.001 mM, 
catalog # C 8754), biotin (0.012 mM, catalog # B 4501), D-pantothenic acid 
(0.004 mM catalog # P 2250 were dissolved in 300 ml of 95% ethanol and made 
up to a volume of 600 ml with ddH2O. 
 
Phosphate buffer 
KH2PO4 (4 mM, catalog # P 0662), K2HPO4 (4 mM, catalog # P 8281) were 
dissolved in 200 ml of ddH2O and made up to a volume of 400 ml with ddH2O. 
 
HEPES buffer 
HEPES (20 mM, catalog # H 3375) was dissolved in 200 ml ddH2O and made up 
to a volume of 400 ml with ddH2O. 
 
Salt solution 
NaCl (58.45 g, catalog # S 3014), K2SO4 (10 g, catalog # P 9458), MgCl2-6H2O 
(2.18 g, catalog # M 2670), NH4Cl (2.2 g, catalog # A 9434), EDTA (30 mg, 
catalog # E 5134) were dissolved in 150 ml of ddH2O and made up to a volume 
of 250 ml with ddH2O. 
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Glucose 
(20% stock in ddH2O, catalog # D16-500) 
 
Calcium chloride 
(0.25 mM in ddH2O, catalog # C 3881) 
 
  
49 
Chapter 3. Impact of N. gonorrhoeae infection on cell survival of dTHP-1 cells 
 Modulation of host cell survival is a mechanism for pathogen survival within host 
cells. For some pathogens such as Yersinia and Shigella, the bacteria rapidly induce 
apoptosis in macrophages to prevent degradation (Weinrauch and Zychlinsky, 1999). In 
contrast, Chlamydia trachomatis and Legionella pneumophila inhibit apoptosis within host 
cells resulting in bacterial replication and evasion of immune surveillance (Laguna et al., 
2006). Studies have reported conflicting results on the ability of N. gonorrhoeae to inhibit 
or promote cell death within host cells (Binnicker et al., 2003b, Follows et al., 2009, Müller 
A, 1999, Müller A, 2000, Kepp et al., 2009, Pantelic et al., 2005, So et al., 2012, Nudel et 
al., 2015). This is most likely dependent on cell origin, the use of whole bacteria versus 
purified bacterial products, and time. As an obligate human pathogen, N. gonorrhoeae 
interacts with a myriad of different cell types. The initial cell that bacteria contact in the 
mucosa is the epithelial cell but the gonococcus can migrate through the epithelium via 
traversing an epithelial cell or through tears within the lining. Once through the epithelium, 
the pathogen enters the submucosa where one of the most abundant immune cells is the 
macrophage (Trifonova et al., 2014, Acosta-Dibarrat, 2014, Makepeace et al., 2001). 
However, the interaction between N. gonorrhoeae and the macrophage, especially in 
regards to cell death, is not fully defined.  
 One study examined N. gonorrhoeae-induced cell death of macrophages, focusing 
solely on measuring markers of apoptosis (Chateau and Seifert, 2016). Apoptosis, however, 
is not the sole programmed cell death pathway. Programmed cell death pathways have 
recently been expanded to include pyroptosis, which is caspase-dependent like apoptosis 
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but has phenotypic characteristics reminiscent of necrosis (Bergsbaken et al., 2009, Miao 
et al., 2010). As such, our studies characterized N. gonorrhoeae induction or suppression 
of cell death in dTHP-1 macrophage-like cells. These studies examined several cell death 
markers to determine if N. gonorrhoeae can induce non-apoptotic pyroptotic cell death in 
human macrophages. 
 
Optimization of THP-1 differentiation from monocytes to macrophages 
 THP-1 cells are monocytes from a leukemia patient that can be differentiated to 
macrophages with several different sets of chemical compounds (Tsuchiya, 1980b). The 
two most commonly used differentiating agents are vitamin D3 and phorbol 12-myristate 
13-acetate (PMA). Cells are typically treated with high concentrations of either reagent 
ranging from 100nM to 200nM for several days. In the case of vitamin D3, treatment is 
ineffective in producing complete differentiation from monocytes to macrophages 
(Daigneault et al., 2010). Typical PMA treatment is effective in differentiation of 
monocytes to macrophages but activates various pro-inflammatory pathways, resulting in 
the inadvertent up regulation of pro-inflammatory cytokines such as TNF-α and IL-1β 
(Park et al., 2007). THP-1 monocyte differentiation has been characterized utilizing a range 
of PMA concentrations. Studies have found that treatments of 8nM to 16nM are sufficient 
to induce differentiation within 48 hr while minimizing induction of pro-inflammatory 
mediators (Park et al., 2007). These concentrations are significantly lower than classic 
differentiation techniques.  
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 As in many cell lines, multiple passages and different lots can lead to variability in 
cell responses, including ability to differentiate and mount an immune response (i.e. 
cytokine and chemokine production). To characterize the ability of low dose PMA 
treatment to properly differentiate THP-1 monocyte cell cultures into macrophages, we 
monitored several different macrophage markers. Cells were treated with either 10nM, 
50nM, 100nM or 150nM PMA for 48 hr, media was then changed and cells allowed to rest 
overnight before analysis. Due to the adherent nature of macrophages, non-tissue culture 
treated plates were used for both differentiation and experiments to ease later experimental 
analysis. During treatment, we achieved adherence of ~80% of seeded cells with treatment 
of cells with 10nM of PMA (Figure 4). This was equal to the higher concentration of 50nM 
of PMA and better than both 100nM and 200nM treatment. 
 As monocytes differentiate to macrophages, they up regulate several cell surface 
markers (Ginhoux and Jung, 2014, Hettinger et al., 2013). One marker is the LPS receptor 
CD14 (Viriyakosol, 2000). Up regulation of CD14 occurs as the result of monocyte to 
macrophage differentiation and can be detected by both mRNA and surface expression 
(Bertrand et al., 1994). We measured CD14 mRNA expression in non-differentiated THP-
1 cells and differentiated THP-1 cells. Levels of CD14 were elevated in dTHP-1 cells as 
compared to undifferentiated controls, consistent with macrophage differentiation (Figure 
5). Levels of CD14 up regulation were similar across all concentrations of PMA treatment. 
In addition to up regulation of CD14, macrophages have increased size, granularity and 
increased expression of CD68 as compared to monocytes. We monitored these 
differentiation characteristics by flow cytometry.   
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Figure 4. Low dose PMA treatment increases THP-1 adherence 
THP-1 cells were stimulated with 10nM, 50nM, 100nM, or 200nM PMA for 24 hr. After 
48 hr, media was changed and cells were rested for 24 hr. Cells were then washed and 
adherent cells were treated with cell stripper and gently lifted. Cells were then counted and 
percentages of seeded cells to recovered adherence cells were calculated. Graph is 
representative of 2 experiments with two replicates each. Data were analyzed by one-way 
ANOVA, and it was determined the variation between PMA concentrations were not 
statistically significant. 
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Figure 5. Low dose PMA treatment up regulates CD14 expression in THP-1 cells  
THP-1 cells were stimulated with 10nM, 50nM, 100nM, or 200nM PMA for 48 hr. After 
24 hr, media was changed and cells were rested for 24 hr. Adherent cells were washed and 
treated with Trizol and frozen. RNA was then isolated from thawed samples and analyzed 
by quantitative reverse transcriptase polymerase chain reaction (qRT-PCR). Fold change 
was determined against untreated THP-1 controls. Graph is representative of the fold 
change between untreated THP-1 cells and PMA treated cells from 4 experiments. 
Statistical significance was determined with a One-way ANOVA with a Dunnett’s Multiple 
Comparison posttest (*, P<0.05). 
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Consistent with our CD14 results, 10nM treated THP-1 cells displayed increased size, 
granularity and CD68 expression as compared to untreated controls (Figure 6). Increased 
size, granularity, and CD68 expression were similar between both 10nM and 150nM 
treated THP-1 samples.  
 Due to previously reported increased pro-inflammatory mediators upon treatment 
of THP-1 cell with over 100nM PMA and in the absence of secondary stimuli, we decided 
to use a lower concentration (10nM) for our experiments (Park et al., 2007). We reasoned 
that by using low doses of PMA we would see small changes in pro-inflammatory mediator 
production following N. gonorrhoeae stimulation. Stimulation of dTHP-1 with FA1090B 
for 6 hr did show elevations in pro-inflammatory cytokines IL-β and TNF-α as compared 
to untreated controls (Figure 7). However, there were no differences in production of IL-
8 between unstimulated control and N. gonorrhoeae-stimulated dTHP-1 cells, suggesting 
low dose PMA treatment allows for detection of some but not all cytokines produced 
following bacterial stimulation. We also observed the trend for production of anti-
inflammatory cytokine IL-10 following N. gonorrhoeae stimulation, consistent with the 
presence of anti-inflammatory macrophages.  
 
Effect N. gonorrhoeae stimulation on dTHP-1 cell survival 
 To determine if N. gonorrhoeae induces cell death in dTHP-1 cells, we monitored 
cell death by tracking host cell trypan exclusion within in vitro coculture experiments. Cells 
were stimulated over the course of 24 hr and analyzed for cell death at 1, 6, 12, and 24 hr. 
These cultures were treated with either FF bacteria at a MOI 100 or live bacteria at   
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Figure 6. THP-1 treatment with low dose PMA up regulates macrophage phenotypic 
characteristics  
THP-1 cells were either left untreated or treated with 10nM PMA for 24 hr. After 24 hr, 
media was changed and cells were rested for an additional 24 hr. Following treatment, cells 
were harvested and stained for analysis by flow cytometry. (A) Forward and side scatter of 
untreated (THP-1 monocytes) or 10nM PMA treated (10nM PMA) THP-1 cells. Cells were 
gated on CD11b and CD68 staining and were deemed macrophages if they were positive 
for both stains. Gates were determined based on isotype controls and THP-1 monocyte 
staining. (B) Plots of THP-1 cells either left untreated or treated with 10nM PMA and 
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stained with macrophage markers CD11b-APC and CD68-FITC. Images are representative 
of 3 experiments. 
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Figure 7. N. gonorrhoeae stimulates both pro-inflammatory and anti-inflammatory 
cytokine production in dTHP-1 cells 
dTHP-1 cells were either left unstimulated or were stimulated with live N. gonorrhoeae 
FA1090B at a MOI of 10 or 100. To control for inflammasome activation, dTHP-1 cells 
were also treated with 100ng/mL LPS followed by 5mM ATP (LPS/ATP). After 6 hr of 
stimulation, supernatants from dTHP-1 cells were monitored for cytokine production by 
ELISA. Supernatants were analyzed for TNF-α, IL-1β, IL-8 and IL-10. Graphs depicting 
data for TNF-α and IL-1β are the result of 6 experiments, IL-8 is from 2 experiments, and 
IL-10 is representative of 1 experiment. Statistical analysis was performed by one-way 
ANOVA with a Dunnett’s Multiple comparison posttest (*, P<0.05)  
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a MOI of 10 or 100 of N. gonorrhoeae strain FA1090B. This strain of N. gonorrhoeae is 
genetically modified within the Opa protein locus, limiting expression to just the B subtype. 
Opas are responsible for increasing bacterial adherence to host cells by the binding 
CEACAMs and undergo antigenic variation (Sadarangani et al., 2011). Macrophages do 
not express CEACAMs but previously published studies from our lab monitoring cell death 
in epithelial cells utilized the FA1090B strain (Follows et al., 2009, Nudel et al., 2015). 
We  
decided on using this mutant to provide consistency between experiments within our lab. 
In bacteria-treated samples, we observed increased cell death in dTHP-1 cells over the 
course of 24 hr (Figure 8). As early as 6 hr we could observe significant levels of cell death 
as compared to untreated controls using an MOI of 10 and 100. To further confirm bacteria-
induced cell death, we analyzed propidium iodide (PI) incorporation. PI is a membrane 
impermeable dye that binds DNA and is incapable of entering living cells having intact 
membranes. Samples treated with N. gonorrhoeae had elevated levels of PI staining as 
compared to untreated controls consistent with trypan blue staining (Figure 9B). The 
magnitude of cell death reported by trypan blue was higher than reported by PI staining. 
This could result from the processing time before analysis, since cells analyzed by PI were 
washed several times and underwent various staining steps prior to analysis by flow 
cytometry, whereas trypan blue cells were immediately counted after harvest. Despite 
efforts to preserve cell integrity, bacteria-treated samples undergo cell death following 
bacterial treatment and were sensitive to lysis during staining. Overall, both experiments 
showed elevations in dTHP-1 cell death   
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Figure 8. dTHP-1 cells have reduced viability following N. gonorrhoeae stimulation  
dTHP-1 cells were stimulated over the course of 24 hr with live bacteria at an MOI 10 or 
MOI 100. To control for cell death, cells were treated with 1μM STS 3 hr prior to harvest 
(STS). To control for inflammasome activation, cells were treated with 100ng/mL LPS for 
5 hr and 5mM ATP 30 min prior to harvest (LPS/ATP). At each time point, supernatants 
were collected and pelleted for any floating cells. Adherent cells were also harvested and 
combined pellets were analyzed by trypan blue exclusion for cell death. Graphs depict 6 
experiments. Statistics were determined with Two-ANOVA with a Bonferroni’s Multiple 
Comparison posttest (***, P<0.001).  
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Figure 9. dTHP-1 cells have increased membrane permeability following N. 
gonorrhoeae stimulation 
 dTHP-1 cells were stimulated for 6 hr with live bacteria at an MOI 10 or MOI 100. To 
control for cell death, cells were treated with 1μM STS 3 hr prior to harvest (STS). 
Following stimulation, cells were harvested for analysis by flow cytometry. Cells were 
stained for macrophage markers CD11b-APC and CD68-FTIC. To analyze cell death, cells 
were stained with Annexin-V-Pacific Blue for 15 min at 4°C followed by PI immediately 
before analysis. (A) Cells were gated on macrophage markers then analyzed for cell death 
by Annexin-V and PI staining. (B) All PI positive staining cells. (C) All Annexin-V 
positive staining cells. Data are representative of 6 experiments. Statistics were determined 
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using One-way ANOVA with a Dunnett’s Multiple Comparison posttest (*, P<0.05; **, 
P<0.01).  
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following bacterial stimulation in both MOI 10 and MOI 100 cultures. Magnitude of cell 
death correlated to starting bacterial concentrations, with MOI 100 cultures having higher 
levels of cell death than MOI 10.  
 Incorporation of PI into DNA is characteristic of several different forms of cell 
death. Whether cells are undergoing apoptosis or lytic cell death such as necrosis or 
pyroptosis, at some point in cell degradation cell membranes become leaky. However, 
different cell death pathways can be separated out by analysis of different markers. During 
apoptosis, one characteristic is the rotating in the outer membrane bound lipid, 
phosphatidylserine (PS) in the outer membrane from intracellular to extracellular. This 
event begins early in apoptosis with the activation of caspase-3 (Vanags et al., 1996). The 
rotation of PS in the outer membrane can be analyzed by measuring binding of Annexin-
V to PS by flow cytometry. Cells undergoing apoptosis therefore display an increase in 
Annexin-V staining as compared to non-dying cells. We did not observe increases in 
Annexin-V staining in dTHP-1 cells treated with an MOI 10 of N. gonorrhoeae as 
compared to unstimulated controls and marginal increases with MOI 100 treated dTHP-1 
(Figure 9C). To further analyze possible apoptosis induction, we monitored caspase-3 
activity. There are two pathways for induction of apoptosis, and despite activation through 
two different means both pathways converge on caspase-3. Caspase-3 is considered an 
executioner caspase and is responsible for the degradation of many intracellular 
components during apoptosis (Green and Kroemer, 1998). Over the course of 24 hr we did 
not observe an increase in caspase-3 activity in bacteria-treated dTHP-1 cells as compared 
to untreated controls (Figure 10). Collectively, lack of Annexin-V   
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Figure 10. dTHP-1 cells do not activate caspase-3 following N. gonorrhoeae 
stimulation  
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dTHP-1 cells were stimulated with medium alone (negative control), 1μM STS (positive 
cell death control), or live bacteria MOI 10 or 100 for 24 hr, harvested at 1, 6, 12, and 24 
hr and lysed. Caspase-3 activity was assessed by a caspase-3 activity assay (EnzChek®). 
(A) Fluorescence measurements were normalized to unstimulated control for each 
treatment to account for donor to donor variability. (B) A representative graph of caspase-
3 activity as reported by relative fluorescent units as opposed to normalized units. Data are 
representative of 7 experiments. Statistical values were determined with one-way ANOVA 
with a Dunnett’s Multiple Comparisons posttest at each time point (***, P<0.001). 
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staining and caspase-3 activity suggest that N. gonorrhoeae induces cell death in dTHP-1 
cells and cell death is not the result of apoptosis.  
 Since dTHP-1 cells do not undergo cell death by apoptosis, we explored other cell 
death pathways. Increased membrane permeability in the absence of caspase-3 activity 
suggests that N. gonorrhoeae is inducing a lytic form of cell death. In addition, N. 
gonorrhoeae has been shown to activate the NLRP3 inflammasome responsible for the 
induction of pro-inflammatory cytokine production. Interestingly, recent reports have 
characterized a macrophage cell death pathway that signals through the inflammasome 
called pyroptosis. Pyroptosis shares characteristics of apoptosis and necrosis. Like 
apoptosis, pyroptosis is dependent on caspase activation but it instead requires immune 
caspases 1 and 4 (Miao et al., 2010, Kayagaki et al., 2011). Pyroptosis also results in the 
lysis of the cell resulting in a permeable membrane. We began our investigation by 
determining if immune caspases were active in N. gonorrhoeae-treated dTHP-1 cells. 
Caspases are produced in a non-active form and are auto-proteolytically cleaved upon 
interactions with either the inflammasome for caspase-1, or cytosolic LPS for caspase-4 
(Shi et al., 2014, Martinon, 2002). By Western blot analysis we detected activated 
caspases-1 and -4 in dTHP-1 lysates. Upon activation, caspases auto-proteolytically cleave 
resulting in a large typically ~45kDa fragment and two smaller ~10 and ~20kDa fragments. 
We detected the smaller subunit 10kDa fragment of caspase-1 in lysates from cultures 
stimulated with live N. gonorrhoeae but not in our untreated controls (Figure 11). We also 
did not observed activation of caspase-1 in our positive control, LPS/ATP, in dTHP-1 
lysates. Treatment with E. coli LPS results in the production of pro-  
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Figure 11. N. gonorrhoeae activates immune caspases in dTHP-1 cells. 
dTHP-1 cells were left unstimulated (Un.) or stimulated for 12 hr with either live bacteria 
at an MOI 10 (10) or MOI 100 (100) or dead formalin-fixed bacteria (FF). To control for 
cell death, cells were treated with 1μM STS 3 hr prior to harvest (S). To control for 
inflammasome activation, cells were treated with 100ng/mL LPS for 5 hr and 5mM ATP 
30 min prior to harvest (A). Cell lysates were analyzed by Western blot analysis using 
antibodies against either caspase-1 or caspase-4. For caspase-1, supernatants were also 
analyzed by Western blot analysis following immunoprecipitation using antibodies against 
caspase-1. Images are representative of 4 experiments. Pro-caspase-1 when uncleaved has 
several isoforms ranging from 40-45kDa. When cleaved, both caspases result in a small 
p10 subunit, which is approximately 10kDa in size.  
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inflammatory cytokines in a non-active zymogen form, and ATP treatment results in the 
formation of the inflammasome resulting in caspase-1 activation and cytokine processing. 
When caspase-1 is activated as a component of the inflammasome scaffold, it is actively 
shuttled out of the cell (Keller et al., 2008). We performed immunoprecipitation of culture 
supernatants and observed activated caspase-1 subunits in all treated samples and minimal 
levels of activated protein in our untreated control samples (Figure 11). Immune caspases 
are activated as a natural response to pathogens and do not automatically correlate to 
induction of pyroptotic cell death. To determine if dTHP-1 cell death was dependent on 
immune caspase activity, we repeated our coculture experiments in the presence of 
selective caspase inhibitors (Garcia-Calvo et al., 1998, Maroglin et al., 1997). Inhibitor 
pretreatment of dTHP-1 cells revealed that inhibition of caspase-4 but not caspase-1 
increased viability within bacteria-treated samples as compared to vehicle controls (Table 
5). Repression of IL-1β production was monitored to confirm efficient caspase inhibition. 
IL-1β, like caspases, is produced in an inactive zymogen form that is processed to its 
mature form with cleavage by activated immune caspases; in the absence of their 
activation, there is less detectable active IL-1β. As expected, immune caspase-1 inhibition 
repressed IL-1β production in LPS/ATP stimulated cultures but did not impact N. 
gonorrhoeae-induced IL-1β production (Figure 12B and C). In contrast, inhibition of 
immune caspase-4 decreased bacteria-induced IL-1β production consistent with the 
requirement of caspase-4 activation upstream of caspase-1 (Figure 12D). Collectively, 
these data show that N. gonorrhoeae promotes caspase-4 dependent or non-canonical 
pyroptosis in dTHP-1 cells.   
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Table 5. dTHP-1 cell death following N. gonorrhoeae stimulation is dependent on 
caspase-4 activity. 
 
Differentiated THP-1 Cell Viability 
 DMSO Pan Inhibitor C1 Inhibitor C4 Inhibitor 
Unstimulated 93 ± 4.33 90 ± 2.49 91 ± 2.62 94 ± 1.48 
MOI 10 70 ± 7.30 79 ± 5.22*/* 73 ± 7.00 83 ± 4.69*/* 
MOI 100 65 ± 8.79 81 ± 6.98**/* 66 ± 1.82 80 ± 4.69**/** 
LPS/ATP 89 ± 4.76 89 ± 5.12* 86 ± 6.17* 92 ± 2.81*** 
 
dTHP-1 cells were incubated with a pan caspase (50μM 1 hr prior), caspase-1 (20μM 30 
min prior), or caspase-4 (50μM 1 hr prior) inhibitors prior to addition of LPS (100ng/mL) 
and 5mM ATP (LPS/ATP) or live bacteria MOI 10 or MOI 100 for 6 hr. Cells were 
collected and viability assessed by trypan blue staining. Inhibitors: pan caspase Inhibitor 
(Z-VAD-FMK) caspase-1 Inhibitor (Z-WEHD-FMK), caspase-4 Inhibitor (Z-YVAD-
FMK). Based on 6 experiments. Statistical values were determined with Two-way 
ANOVA with a Bonferroni’s Multiple Comparisons posttest on each inhibitor treatment 
based on 6 experiments (*, P<0.05; **, P<0.01). Samples were also analyzed by unpaired 
t-test, in which each condition was compared to its DMSO control individually rather than 
collectively. These statistics are presented in red.   
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Figure 12. Caspase-4 inhibition in dTHP-1 cell decreases N. gonorrhoeae-stimulated 
IL-1β production.  
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dTHP-1 cells were incubated with a pan caspase (50μM 1 hr prior), caspase-1 (20μM 30 
min prior), or caspase-4 (50μM 1 hr prior) inhibitors prior to addition of LPS (100ng/mL) 
and 5mM ATP (LPS/ATP) or live bacteria MOI 10 or MOI 100 for 6 hr. Supernatants were 
collected and analyzed for IL-1β production by ELISA. (A) Supernatants from cells not 
receiving any inhibitors prior to stimulation. (B) Analysis of inflammasome control 
LPS/ATP following vehicle control dimethyl sulfoxide (DMSO) or inhibitors. (C) 
Supernatants from samples treated with either vehicle control (DMSO) or caspase-1 
inhibitor. (D) Supernatants from samples treated with either vehicle control (DMSO) or 
caspase-4 inhibitor. Inhibitors: pan caspase Inhibitor (Pan, Z-VAD-FMK) caspase-1 
Inhibitor (C1, Z-WEHD-FMK), caspase-4 Inhibitor (C4, Z-YVAD-FMK). Graphs are 
representative of 6 experiments. Statistical values were determined with Two-way 
ANOVA with a Bonferroni’s Multiple Comparisons posttest on each inhibitor treatment 
(*, P<0.05; **, P<0.01).  
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Effect of N. gonorrhoeae-induced macrophage cell death on naïve macrophage 
cellular response to N. gonorrhoeae 
 Pathogens have adapted different mechanisms to exploit host cell death to promote 
their survival. Invading pathogens might delay host cell death to provide an intracellular 
niche for replication or promote host cell death to prevent their phagocytosis and eventual 
degradation. Despite macrophages being a primary cell for pathogen phagocytosis and 
degradation, we determined dTHP-1 cells treated with N. gonorrhoeae contained viable 
intracellular bacteria (Table 6). The ability to recover live intracellular bacteria suggests 
that while most bacteria are killed, a small portion escape phago-lysosome fusion. It is 
possible that viable intracellular bacteria can then interact with surrounding cells following 
macrophage cell lysis.  
 
Effect of dTHP-1 cell death on naïve macrophage response to N. gonorrhoeae 
 Since pyroptosis is a highly pro-inflammatory form of cell death, we postulated that 
the release of both pro-inflammatory mediators and intracellular components could activate 
surrounding immune cells and alter their function. Various intracellular components such 
as heat shock proteins (HSPs) and high-mobility group box 1 (HMGB-1), have been shown 
to activate the inflammasome leading to inflammation (Bianchi, 2007). HMGB-1 is 
typically found in the nucleus and promotes DNA bending during replication but when 
released from dying cells acts as a chemotactic factor for monocytes and macrophages to 
migrate to the site of its release. In addition, HMGB-1 has been reported to promote 
production of pro-inflammatory cytokines IL-6, IL-8, and IL-1β   
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Table 6. N. gonorrhoeae CFU obtained following incubation with dTHP-1 cells 
N. gonorrhoeae FA1090B CFU (108) 
 MOI 10 MOI 100 
Supernatant 26.5 ± 8 68.3 ± 27 
Associated 1.54 ± 1 43.4 ± 53 
Intracellular 0.006 ± 0.0056 0.024 ± 0.023 
 
dTHP-1 cells were incubated with N. gonorrhoeae strain FA1090B at an MOI of 10 and 
100 for 6 hr. To quantify extracellular bacteria, aliquots of culture supernatants were plated 
on N. gonorrhoeae agar plates and CFUs determined (cfu/mL). For total cell-associated 
bacteria, cells were lysed with saponin and bacteria were enumerated as above. 
Intracellular bacteria were quantified after a 1.5 hr cell treatment with gentamicin. 
Averages of 4 experiments, the average starting inoculum was 14.2 x108 cfu/mL.  
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(Owusu-Edusei et al., 2013). HSPs, which are typically responsible for ensuring proper 
protein folding, can also activate peripheral blood mononuclear cells (PBMCs) to produce 
pro-inflammatory cytokines. To explore the effect of N. gonorrhoeae-induced pyroptosis 
on surrounding cells, dTHP-1 cells were stimulated with N. gonorrhoeae for 12 hr and 
media from stimulated cells was removed and centrifuged to pellet bacteria, and 
supernatants were filtered. This conditioned media was then added to naïve cells for 6 hr 
followed by 6 hr of N. gonorrhoeae stimulation. Cells that were pretreated with conditioned 
media then stimulated with bacteria had lower levels of cell death than those only 
stimulated with bacteria (Figure 13). Cells treated with conditioned media from dTHP-1 
cells stimulated with MOI 100 had higher resistance to N. gonorrhoeae-induced cell death 
as compared to those treated with MOI 10 conditioned media. These studies suggest that 
DAMPs and pro-inflammatory mediators such as cytokines generated following 
stimulation and lysis of macrophages can prime and modulate N. gonorrhoeae-induced cell 
death in naïve dTHP-1 cells.  
 
Chapter 3 Summary 
 Here we demonstrate that the use of low levels of the differentiating agent PMA 
was sufficient to induce macrophage-like markers within THP-1 cells. Using our low dose 
PMA protocol, we demonstrate immune caspase cell death in dTHP-1 cells. Previous 
reports using undifferentiated THP-1 cells demonstrated a non-caspase-1 lytic form of cell 
death within these cells following N. gonorrhoeae stimulation (Duncan et al., 2009). These 
studies modeled monocyte response to wild-type N. gonorrhoeae strain   
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Figure 13. N. gonorrhoeae-stimulated conditioned media lowers N. gonorrhoeae-
stimulated cell death in dTHP-1 cells 
 dTHP-1 cells were either left unstimulated, treated with 1μM STS or live bacteria at MOI 
10 or 100 for 12 hr. After 12 hr, supernatants were removed and bacteria was removed 
through filtration. Naïve cells were either left untreated (Untreated) or incubated with 
these conditioned supernatants that were diluted 1:1 in fresh media prior to addition. After 
6 hr of either untreated or conditioned media (CM) stimulation, cells were either left 
unstimulated (CM) or stimulated with an MOI 10 of live bacteria (CM+MOI 10) for 6 hr. 
Cells were then monitored for cell death by trypan blue exclusion and percent of cells dead 
or dying calculated then graphed. Graph is representative of 3 experiments. Data were 
analyzed by Two-way ANOVA with Dunnett’s multiple comparison posttest where all 
columns were compared both to the untreated and conditioned media alone samples. (***, 
P<0.001)   
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FA1090 and monitored cell death at 16 hr, while our studies modeled macrophage 
responses at a relatively acute time point of 6 hr. Despite looking at terminally 
differentiated cells, we also found following N. gonorrhoeae stimulation an activation of 
the immune caspase, caspase-1. This is because despite its ability to modulate and evade 
host immune responses, N. gonorrhoeae has been shown to stimulate the production of 
pro-inflammatory cytokines such as IL-1β, which is down stream of caspase-1 activation.  
Even with caspase-1 activity, we failed to observe a role for caspase-1 on bacteria-induced 
cell death. Instead, our studies determined that N. gonorrhoeae induced dTHP-1 cell death 
and this was dependent on caspase-4 activity. Caspase-4 is an immune caspase that has 
functional homology with murine caspase-11, which previously has been shown to induce 
cell death in bone marrow-derived macrophages in a lytic manner, typically in response to 
Gram-negative bacteria, termed non-canonical pyroptosis (Broz, 2013, Knodler et al., 
2014, Rathinam et al., 2012). We determined that N. gonorrhoeae induces non-canonical 
pyroptosis in dTHP-1 cells within 6 hr of stimulation in a dose-dependent manner.  
 Pro-inflammatory forms of cell death such as pyroptosis produce large amounts of 
DAMPs, which can stimulate surrounding cells to produce pro-inflammatory cytokines 
(Aachoui et al., 2013, Kaczmarek et al., 2013). In addition to pro-inflammatory cytokine 
production, DAMPs have also been shown to activate macrophages increasing their ability 
to phagocytose both invading pathogens and dying host cells (reviewed in (Krysko et al., 
2011, Pisetsky, 2012, Bianchi, 2007). In addition, DAMPs have also been shown to up 
regulate anti-apoptotic genes to promote host cell survival by promoting pathogen 
clearance. Our studies using conditioned media from dTHP-1 treated with MOI 100 
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showed a trend for diminished dTHP-1 cell death following a secondary bacterial 
stimulation, though cells treated with MOI 10 conditioned media did not exhibit diminished 
cell death following secondary bacterial stimulation. While there have yet to be described 
anti-pyroptosis proteins, we postulate that DAMPs and pro-inflammatory mediators 
produced by dying macrophages promote surrounding macrophage survival by inhibition 
of pyroptosis via an unknown mechanism. 
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Chapter 4. N. gonorrhoeae induces pyroptosis in peripheral blood MDMs 
 The results presented in Chapter 3 demonstrate that N. gonorrhoeae induces pro-
inflammatory non-canonical pyroptosis in dTHP-1 cells. Though THP-1 cells are used to 
model both monocyte and macrophage responses to both inflammatory stimuli and 
pathogens, they are a cell line derived from a male with monocytic leukemia (Tsuchiya, 
1980a). Due to this cancer background, THP-1 cells have various cancer genetic mutations 
in addition to basal monocyte characteristics such as a continually active caspase-1 for 
quick response to foreign pathogens, which could skew N. gonorrhoeae-induced cell death 
pathways (Yamin et al., 1996, Miller et al., 1993, Ayala et al., 1994). Due to these genetic 
variations, it is necessary to confirm THP-1 findings in primary human macrophages.  
 To define the cell response to N. gonorrhoeae infection in a more relevant cell, we 
next characterized the response of primary macrophages to N. gonorrhoeae stimulation. 
Macrophages derived from peripheral blood monocytes differentiated in the presence of 
human serum containing macrophage colony-stimulating factor (M-CSF) in vitro were 
used for this work. In addition to monitoring cell death in MDM stimulated with N. 
gonorrhoeae, we examined the requirement for bacterial internalization for observed cell 
death. Finally, we characterized the role of bacterial lipoproteins in the observed N. 
gonorrhoeae-induced cell death response.  
 
Stimulation of non-apoptotic cell death in human MDMs by N. gonorrhoeae 
 We first determined whether N. gonorrhoeae could induce cell death in human 
macrophages in the absence of any additional stimuli. MDMs were established following 
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monocyte isolation from peripheral blood. Macrophages were established by treating 
isolated macrophages with human serum containing macrophage- colony stimulating 
factor (M-CSF) for 7 days. To determine if MDMs were dying as the result of bacterial 
stimulation, cell death was measured by trypan blue exclusion and PI. At each time point, 
cells were lifted and treated with trypan blue then quantitated on a hemocytometer for 
positive and negative staining. As shown in Figure 14A, we observed increased cell death 
in bacteria-treated cultures over the course of 24 hr by trypan blue exclusion as compared 
to untreated controls. Increased cell death was observed in bacteria-treated cultures as early 
as 6 hr compared to untreated controls. Cultures treated with live bacteria at MOI of 10 and 
100 reached a steady state of cell death by 6 hr, though cells treated with an MOI 10 
exhibited a slight elevation in cell death at 24 hr as compared to earlier time points (Figure 
14A). Based on these findings, we focused our subsequent studies at a time point of 6 hr to 
examine early events associated with N. gonorrhoeae-induced cell death in macrophages. 
Trypan blue exclusion data was confirmed using a more sensitive flow cytometry assay. 
MDMs were stimulated for 6 hr and analyzed for PI staining, which is incorporated into 
DNA of cells that have lost membrane integrity, a characteristic of cell death. As observed 
with trypan blue exclusion, MDMs treated with live bacteria exhibited a 3-4-fold increase 
in cell death compared to untreated MDMs as determined by PI staining (Figure 14C). We 
observed minimal increases in MDM cell   
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Figure 14. N. gonorrhoeae induces cell death in MDMs  
MDMs were stimulated for 6 hr with medium alone (negative control), LPS (100ng/mL) 
and 5mM ATP (LPS/ATP), 3μM STS, formalin-fixed bacteria MOI 100 (FF MOI 100) or 
live bacteria MOI 10 or 100. (A) Over the course of 24 hr, cell death was determined by 
trypan exclusion. (B) Representative histogram for determination of PI positive versus PI 
negative population. (C) Cell death at 6 hr was confirmed by flow cytometry as the percent 
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of total MDMs staining positive for PI. The graphs depict the mean ± SEM from eight 
experiments; one-way ANOVA with a Dunnett’s Multiple Comparisons posttest was 
performed at each time point (*, P<0.05; **, P<0.01; ***, P<0.001).  
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death in cultures stimulated with FF bacteria compared to untreated controls in both trypan 
exclusion and PI staining studies (Figure 14). When compared to cell death induced by 
live bacteria at a similar MOI, FF bacteria induced approximately 50% less cell death. 
These results demonstrate that live N. gonorrhoeae infection induces macrophage cell 
death in a dose- and time-dependent manner.  
 To determine if N. gonorrhoeae-stimulated MDM cell death was the result of 
apoptosis, we examined two markers of apoptosis: mitochondrial membrane potential and 
caspase-3 activity. Loss of mitochondrial membrane potential was monitored by 
Rhodamine 123 staining. Rhodamine 123 is only maintained in cells in which 
mitochondrial membrane potential is unperturbed. As in previous experiments, cells were 
stimulated with either live bacteria at an MOI of 10 or 100 or treated with STS as a positive 
control for cell death. After 6 hr, MDMs were treated with Rhodamine 123 then analyzed 
for incorporation by flow cytometry. We did not observe differences in Rhodamine 123 
staining in MDMs stimulated with N. gonorrhoeae compared to untreated controls, 
indicating maintenance of the mitochondrial membrane potential (Figure 15A). We also 
monitored caspase-3, the executioner caspase, which is responsible for the degradation of 
intracellular components as characteristic of apoptosis (reviewed in (Duprez et al., 2009). 
We did not observe increases in caspase-3 activity following N. gonorrhoeae stimulation 
at either MOI of 10 or 100 over the course of 24 hr   
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Figure 15. N. gonorrhoeae does not induce apoptotic markers in MDMs   
MDMs were treated with medium alone (negative control), 3μM STS, FF bacteria MOI 
100 (FF MOI 100) or live bacteria MOI 10 or 100 for either 6 hr, harvested and either 
stained with Rhodamine 123 (A) or analyzed for caspase-3 activity over the course of 24 
hr (B). Incorporation and retention of Rhodamine 123 by mitochondria is dictated by the 
mitochondrial membrane potential state, where depolarized organelles release the dye. 
Image is representative of 3 experiments and shows data that is Rhodamine negative 
(Rhodamine-) or Rhodamine positive (Rhodamine+) Values are expressed as the percent of 
total MDMs staining positive for Rhodamine 123. Caspase-3 activity was assessed by a 
caspase-3 activity assay (EnzChek®). (C) Representative graph of caspase-3 fluorescence 
values that were not normalized. Values were normalized to the unstimulated control at 
each time point. Rhodamine 123 graph depicts the mean ± SEM from three experiments 
with a one-way ANOVA with a Dunnett’s Multiple Comparisons posttest and Caspase-3 
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graphs depict the mean ± SEM from six experiments with a one-way ANOVA with a 
Dunnett’s Multiple Comparisons posttest at each time point (*, P<0.05; ***, P<0.001). 
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 (Figure 15B). As expected, STS, a known inducer of apoptosis, showed diminished levels 
of Rhodamine 123 staining and increased caspase-3 activity as compared to their respective 
untreated controls. Combined, these results suggest that N. gonorrhoeae does not induce 
apoptosis in MDMs. 
 
Inflammatory caspase activation and the induction of pyroptosis by N. gonorrhoeae 
in human macrophages 
 Our results indicated that N. gonorrhoeae stimulation did not alter the 
mitochondrial membrane integrity or activate caspase-3 suggesting bacteria-stimulated 
macrophage death occurs through a different non-apoptotic pathway. Previous studies 
reported that N. gonorrhoeae activates the NLRP3 inflammasome resulting in caspase-1 
activation and pro-inflammatory cytokine production in monocytes (Duncan et al., 2009, 
Makepeace et al., 2001). Pyroptosis is a form of programmed cell death that is dependent 
on immune caspases including caspase-1 for cell death induction. This immune caspase-
dependent cell death pathway correlates with IL-1β pro-inflammatory cytokine production 
and is lytic in nature (Broz et al., 2010, Kahlenberg and Dubyak, 2004). Intracellular 
components of dying cells act as DAMPs and can stimulate the production of pro-
inflammatory cytokines such as IL-6 and TNF-α (Murakami et al., 2014, Jacob et al., 2013). 
Analysis of cytokines, IL-1β, IL-6, and TNF-α showed elevated levels in MDMs treated 
with live N. gonorrhoeae following 6 hr of stimulation (Figure 16). Elevations in pro-
inflammatory cytokine production were consistent with previously   
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Figure 16. N. gonorrhoeae induces pro-inflammatory responses in MDMs  
MDMs were incubated with 100ng/mL LPS and 5mM ATP (LPS/ATP), live bacteria at 
MOI 10 or MOI 100 for 6 hr, or medium alone as a negative control. (A) IL-1β, (B) IL-6, 
and (C) TNF-α were measured in cell culture supernatants by ELISA. Graphs depict the 
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mean ± standard error of the mean (SEM) from three experiments. One-way ANOVA with 
a Dunnett’s Multiple Comparisons posttest (*, P<0.05; **, P<0.01; ***, P<0.001).  
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published results in MDMs (Makepeace et al., 2001, Duncan et al., 2009).  
 Induction of pro-inflammatory cytokines alone is not indicative of pyroptosis, as 
cytokine induction is a natural response to invading pathogens. As such, we directed our 
studies towards analysis of components essential to pyroptosis. Pyroptosis is a form of 
programmed cell death that has two distinct pathways for execution. Studies focusing on 
characterization of pyroptosis have shown that induction of cell death can be dependent on 
either caspase-1 or caspase-4 (Fink and Cookson, 2006, Cervantes et al., 2008, Miao et al., 
2011, Kayagaki et al., 2011). Since pyroptosis is immune caspase-dependent, we next 
examined immune caspase activation in N. gonorrhoeae-stimulated macrophages 
(Zychlinsky et al., 1992, Jorgensen and Miao, 2015, Ting et al., 2008, Fink and Cookson, 
2006, Miao et al., 2011). We examined both the canonical pathway, which is caspase-1 
dependent, and the non-canonical pathway, which is caspase-4 dependent (Fink and 
Cookson, 2006, Cervantes et al., 2008, Miao et al., 2011, Kayagaki et al., 2011). As in 
previous experiments, cells were stimulated with either live bacteria or E. coli LPS and 
ATP for either 3 or 6 hr prior to analysis. Analysis of caspase-1 activity showed a trend for 
increased activity in bacteria-treated MDMs compared to untreated controls (Figure 17A). 
Another immune caspase involved in pyroptosis is caspase-4, which was also elevated in 
bacteria-treated MDMs as compared to untreated controls (Figure 17B). Though caspase-
1 and caspase-4 are involved in cell death, their activation is a normal response to 
pathogens. To determine if cell death is dependent on immune caspase activation, we 
performed selective caspase inhibition. For these experiments MDMs were treated 1 hr 
prior to bacterial and control stimulations with either caspase-1 or caspase-4    
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Figure 17. N. gonorrhoeae activates immune caspases in MDMs  
MDMs were incubated for 3 or 6 hr with medium alone, LPS (100ng/mL) and 5mM ATP 
(LPS/ATP), or live bacteria MOI 10 or 100. MDMs were collected, lysed and (A and B) 
Caspase-1 activity assessed by a caspase-1 activity assay (BioVision) and (C and D) 
Caspase-4 activity assessed by a caspase-4 activity assay (MBL International). Values were 
determined by normalizing absorbance values to their respective un-stimulated controls for 
each experiment (A and C) and are depicted as mean ± SEM of seven experiments. (B and 
D) Representative experiments with relative units of absorbance shown at each time point 
for each treatment. Statistics were determined by one way-ANOVA with a Dunnett’s 
Multiple Comparisons posttest to unstimulated controls at each time point (*, P<0.05).   
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inhibitors. Inhibition of caspase-1 showed diminished cell death in bacteria-treated MDMs 
compared to DMSO controls (Table 7A). This correlated to an increase in caspase-1 
activity observed by enzymatic activity assays. However, cultures treated with the caspase-
4 inhibitor exhibited a consistently higher increase in MDM viability following bacterial 
stimulation compared to DMSO controls or in cultures treated with caspase-1 inhibitor 
(Table 7A). In both cases, inhibition of caspase-1 and caspase-4 resulted in increased cell 
viability following bacterial stimulation to levels similar to their respective unstimulated 
controls. As expected, inhibition of caspase-3 did not alter N. gonorrhoeae-induced cell 
death (Table 7B). Reduction in cell death can alter the production of inflammatory 
cytokines by reducing extracellular DAMP concentration, which in turn reduces 
stimulation for pro-inflammatory cytokine production. The reduction of cell death in our 
immune caspase inhibitor-treated samples correlated with a reduction in only IL-1β 
production (Figure 18A & B). Immune caspase inhibition directly inhibits the enzymes 
responsible for processing IL-1β, thereby diminished IL-1β production was expected. We 
also expected a reduction in other inflammatory mediators, TNF-α and IL-6, due to 
decreases in circulating DAMPs. However, immune caspase inhibition did not affect both 
TNF-α and IL-6 (Figure 18C-F). Lack of decreases in TNF-α and IL-6 production despite 
decreases in cell death suggest that these cytokines are produced as the result of bacterial 
stimulation and not cell death. These results suggest that N. gonorrhoeae induces cell death 
via pyroptosis, exploiting both the canonical and non-canonical pathways.   
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Table 7. N. gonorrhoeae induction of cell death in MDMs is dependent on caspase-4 
activity 
 
 
MDMs were incubated with caspase-1, caspase-4, or caspase-3 inhibitors at a concentration 
of 100nM for 1 hr prior to addition of LPS (100ng/mL and 5mM ATP (LPS/ATP), 3μM 
STS, or live bacteria MOI 10 or MOI 100 for 6 hr. Cells were collected and viability 
assessed by trypan blue staining. Inhibitors (A) caspase-1 inhibitor (Z-WEHD-FMK), 
caspase-4 inhibitor (Z-YVAD-FMK), and (B) caspase-3 inhibitor (Z-DEVD-FMK). Tables 
contain data from seven experiments and are shown as mean ± SEM and are presented with 
respective controls. Two-way ANOVA with a Bonferroni’s Multiple Comparisons posttest 
on each inhibitor treatment as compared to DMSO control (*, P<0.05; **, P<0.01). Data 
were also analyzed using an unpaired t-test, comparing each stimulus to its appropriate 
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DMSO control, rather than all stimuli at once. These statistical analyses are presented in 
red.   
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Figure 18. Effect of immune caspase inhibition on pathogen-stimulated pro-
inflammatory cytokine production  
MDMs were incubated with caspase-1 (A, C, E) or caspase-4 (B, D, F) inhibitors at a 
concentration of 100nM for 1 hr prior to addition of LPS (100ng/mL) and 5mM ATP 
(LPS/ATP), or live bacteria MOI 10 or MOI 100 for 6 hr. Supernatants were collected and 
analyzed for IL-1β, TNF-α or IL-6 by ELISA. Graphs contain data from seven experiments 
and are shown as mean ± SEM; two-way ANOVA with a Bonferroni’s Multiple 
Comparisons posttest on each inhibitor treatment as compared to DMSO control (*, 
P<0.05).  
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Necessity of N. gonorrhoeae interaction for the induction of MDM cell death 
 Initial studies of MDM cell death did not address if dying cells were directly 
associated with bacteria. To determine if N. gonorrhoeae needs to be in contact with 
MDMs to induce cell death, we utilized confocal microscopy. MDMs were seeded at a 
density of 0.2x106 cells/mL on glass coverslips, cells were treated for 6 hr with GFP-
expressing N. gonorrhoeae strain F62. MDMs were washed and treated with a cell death 
dye, Zombie Red, fixed and mounted for confocal microscopy. Imaging of MDMs 
demonstrated that there were an equal portion of cells positive for bacteria as were positive 
for both bacteria and Zombie Red, in both MOI of 10 and 100 treated samples (Figure 19). 
However, we observed a higher percentage of cells that were Zombie Red and bacteria 
positive than positive for only Zombie Red. These results suggested N. gonorrhoeae-
induced MDM cell death is the result of direct interactions of the bacteria with 
macrophages. It should be noted that bacterial association with MDMs does not always 
equate to induction of macrophage cell death as data showed an equal portion of bacteria 
single positive and double bacteria Zombie Red positive MDMs (Figure 19B). The similar 
levels of bacteria single positive and bacteria Zombie Red positive cells could be dependent 
on bacterial localization in MDMs. Initial imaging could not differentiate intracellular 
bacteria from extracellular bacteria. For determination of bacterial localization in MDMs, 
we imaged cells along the Z-axis with confocal microscopy. For these studies, we 
performed sequential imaging along the Z-axis and monitored bacterial association in 
relation to both the nucleus, stained with DAPI, Zombie Red and actin, stained with 
AlexaFluor647. Analysis showed MDMs that were   
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Figure 19. Co-localization of N. gonorrhoeae with MDM enhances cell death.  
MDMs were either left unstimulated or treated with N. gonorrhoeae F62-GFP 
corresponding to MOI of 10 and 100 for 6 hr. Following stimulation, cells were stained 
with Zombie Red and mounted with a mounting media containing DAPI. (A) 
Representative images for unstimulated, MOI 10 and MOI 100. White arrows indicate cells 
that are positive for both F62-GFP and Zombie Red positive. Pink arrows indicate cells 
that are only positive for F62-GFP. (B) Bar graph representing the quantification of 
confocal images of 4 fields per donor. Cells were analyzed for number of cells that were 
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positive for F62-GFP bacteria only (green), cells that were both F62-GFP and Zombie Red 
positive (yellow) and cells that were only Zombie Red positive (red). The graph depicts 
the mean ± SEM of 6 experiments; two-way ANOVA with a Bonferroni’s Multiple 
Comparisons posttest on each treatment (***, P<0.01).  
  
  
98 
positive for bacteria and Zombie Red contained a higher portion of intracellular bacteria as 
compared to cells that were only positive for bacteria (Figure 20B). MDMs positive for 
only bacteria had higher numbers of extracellular bacteria. These results suggest that not 
only does N. gonorrhoeae need direct interaction with MDMs to induce cell death but it 
also needs to be intracellular.  
 To further establish the requirement for intracellular N. gonorrhoeae for induction 
of MDM cell death, we inhibited actin polymerization with cytochalasin D thereby 
inhibiting phagocytosis of the pathogen. For these studies, MDMs were pre-incubated for 
1 hr with cytochalasin D, and then stimulated for 6 hr with live GFP-expressing bacteria. 
As expected, cytochalasin D-treated samples had lower levels of cell death compared to 
untreated controls in bacteria-stimulated cultures (Figure 20C). Treatment with 
cytochalasin D reduced cell death in treated cultures to levels similar to non-bacteria-
treated controls. Since cytochalasin D is a wide-spread non-discriminating inhibitor of 
actin polymerization, we monitored potential effects on N. gonorrhoeae viability. Analysis 
of bacterial load, in both cytochalasin D-treated and control DMSO-treated samples, 
revealed lower levels of intracellular bacteria in cytochalasin D-treated samples as 
compared to the DMSO control consistent with inhibition of bacteria entry (Table 8). 
Despite lower levels of intracellular bacteria, cytochalasin D-treated cultures had similar 
levels of non-MDM-associated bacteria indicating treatment does not effect bacterial 
viability. Taken together these results further support the need for intracellular N. 
gonorrhoeae for induction of MDM cell death. 
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Figure 20. Co-localization of intracellular bacteria with dead MDMs.  
  
100 
MDMs were either left unstimulated or treated with N. gonorrhoeae FA1090B-GFP 
corresponding to MOI of 10 and 100 for 6 hr. Following stimulation, cells were stained 
with Zombie Red and mounted with a mounting media containing DAPI. (A) 3D plots of 
z-stack images for MOI 10 and MOI 100 representing intracellular and extracellular cells. 
The extracellular bacteria are highlighted in pink boxes and the intracellular bacteria are 
highlighted in yellow boxes. All axes are in microns. (B) Bar graph representing the 
quantification of confocal images of 4 fields per donor. Cells were analyzed for number of 
cells that were positive for FA1090-GFP bacteria only (green) or cells that were both 
FA1090B-GFP and Zombie Red positive (yellow). (C) Graphical representation of all 
cytochalasin D experiments. MDMs were treated for 1 hr with cytochalasin D before 6 hr 
of bacteria stimulation. At the end of 6 hr, cells were stained with Zombie Red and mounted 
with media containing DAPI. Images were analyzed for cell death by Zombie Red positive 
staining. Cells were either left unstimulated (white) or stimulated with live bacteria (red). 
Graph depicts mean ± SEM of 3 experiments; two-way ANOVA with a Bonferroni’s 
Multiple Comparisons posttest on each treatment (*, P<0.05; ***, P<0.01).  
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Table 8. Inhibition of actin polymerization reduces intracellular bacteria in MDMs 
N. gonorrhoeae FA1090B CFU 
  
Extracellular 
Bacteria 
(107) 
Cell-Associated 
Bacteria  
(107) 
Intracellular 
Bacteria  
(105) 
Total Bacteria 
(107) 
Vehicle Control 
DMSO 
MOI 10 1.7 ± 2 0.9 ± 0.8 3.7 ± 3 0.91 
MOI 100 5.8 ± 10 4.5 ± 6 59.5 ± 70 3.6 
Cytochalasin D 
Treatment 
MOI 10 4.4 ± 3 2.8 ± 3 0.22 ± 0.4*** 2.4 
MOI 100 4.7 ± 3 4.0 ± 6* 7.0 ± 6*** 2.9 
 
N. gonorrhoeae F62-GFP CFU 
  
Extracellular 
Bacteria 
(107) 
Cell-Associated 
Bacteria 
(107) 
Intracellular 
Bacteria 
(105) 
Total 
Bacteria  
(107) 
DMSO 
Treatment 
MOI 10 2.1 ± 3 0.12 ± .008 0.018 ± 0.009 2.2 ± 3.5 
MOI 100 6.6 ± 8 4.7 ± 4 3.3 ± 2 11.3 ± 11.3 
Cytochalasin D 
Treatment 
MOI 10 5.2 ± 3* 3.2 ± 2** 0.0086 ± 0.01* 3.7 ± 2 
MOI 100 3.2 ± 2 11.5 ± 20 2.4 ± 1* 11.8 ± 19 
 
MDMs were treated with either cytochalasin D or vehicle control DMSO for 1 hr prior to 
bacterial stimulation with either FA1090B or F62-GFP. After cytochalasin D treatment, 
MDMs were stimulated for 6 hr and then bacterial load was assessed. To quantify 
extracellular bacteria, aliquots of culture supernatants were plated on N. gonorrhoeae agar 
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plates and CFUs determined (cfu/mL). For total cell-associated bacteria, cells were lysed 
with saponin and bacteria were enumerated as above. Intracellular bacteria were quantified 
after a 1.5 hr cell treatment with gentamicin. Total number of bacteria was achieved by 
combining data from extracellular bacteria, cell associated bacteria, and intracellular 
bacteria. Tables present values as mean ± SEM of three experiments. Statistics were 
calculated between cytochalasin D- and vehicle DMSO-treated samples using two-way 
ANOVA with a Bonferroni’s Multiple Comparisons posttest (*, P<0.05; ***, P<0.01). 
There was no statistical significance between MOI 100 in either treatment.  
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The role of N. gonorrhoeae LOS and induction of pyroptosis in MDMs 
 The human immune caspase, caspase-4, like murine caspase-11, has been shown to 
recognize LPS within the cytosol (Shi et al., 2014). Recognition of LPS via lipid A 
activates immune caspase-4, leading to inflammasome activation and pyroptosis (Shi et al., 
2014). The lipid A component of E. coli LPS and N. gonorrhoeae LOS are similar in 
function though differ in arrangement and acyl-chain length (Figure 21, (Raetz et al., 
2007). As such, we postulated that N. gonorrhoeae LOS could also activate caspase-4 and 
induce macrophage cell death. To examine this, we transfected N. gonorrhoeae LOS into 
MDMs and monitored cell death by confocal microscopy following 2 hr of LOS 
stimulation. These studies demonstrated increased MDM cell death in LOS-treated 
samples as shown by Zombie Red staining as compared to untreated samples (Figure 22). 
Incubation of LOS with MDMs resulted in increased caspase-4 activity but not caspase-1 
activity as compared untreated controls (Figure 23). Stimulation of MDMs with E. coli 
LPS increased caspase-4 activity as compared to untreated controls, consistent with 
previous findings (Shi et al., 2014). These results suggest that N. gonorrhoeae LOS could 
induce MDM cell death via non-canonical pyroptosis.  
 Previous studies reported that the lipid A component of E. coli LPS is responsible 
for the activation of caspase-4 and its subsequent induction of pyroptosis (Shi et al., 2014). 
These investigators, used both purified lipid A and LPS from a mutated E. coli strain in 
which the lipid A was tetra-acylated rather than hexa-acylated. This E. coli LPS activated 
caspase-4 in macrophages and induced pyroptosis. N. gonorrhoeae does not produce LPS 
but contains an LOS with a similar lipid A structure. Apicella and    
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Figure 21. Structural comparison of E. coli LPS and N. gonorrhoeae LOS.  
One difference between E. coli LPS and N. gonorrhoeae LOS is the saccharide backbone 
that is comprised of a polysaccharide in the LPS and an oligosaccharide in the LOS 
structures. Both molecules have a lipid A domain that is hexa-acylated and stimulates 
TLR4 signaling resulting in the assembly of the inflammasome and subsequent caspase-1 
activation. However, the lipid A domain of E. coli LPS typically contains longer acyl-
chains as compared to N. gonorrhoeae LOS. Also, the arrangement of lipid A acyl-chains 
differs between species(Raetz et al., 2007).  
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(Raetz et al., 2007) 
Figure 22. N. gonorrhoeae LOS induces MDM cell death.  
MDMs were grown on sterile coverslips overnight followed by treatment with either 
vehicle control, DOTAP, or purified E. coli LPS (LPS) and purified N. gonorrhoeae LOS 
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(LOS) suspended in DOTAP for 2 hr. Cells were stained with Zombie Red to assess cell 
death. Cells were mounted with mounting media containing DAPI. Images were collected 
with a Nikon A1R confocal microscope and data are representative of 4 donors. Bar graphs 
show image quantification of 4 views per condition per donor. Graph show mean ± SEM 
from 3 experiments; one-way ANOVA with a Dunnett’s Multiple Comparisons posttest on 
each analysis (*, P<0.05; ***, P<0.001).  
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Figure 23. N. gonorrhoeae LOS induces MDM cell death.  
MDMs were grown overnight then treated with either vehicle control, DOTAP (DOTAP), 
or purified E. coli LPS (LPS) and purified N. gonorrhoeae LOS (LOS) suspended in 
DOTAP for 15 min or 2 hr. Treated cells were lysed and analyzed for (A) caspase-1 or (B) 
caspase-4 activity post stimulation. Both graphs show mean ± SEM from 3 experiments; 
one-way ANOVA with a Dunnett’s Multiple Comparisons posttest on each analysis (*, 
P<0.05; ***, P<0.001). 
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colleagues recently constructed a strain of N. gonorrhoeae that expresses a penta-acylated 
lipid A LOS and have demonstrated that at low MOIs this strain stimulates reduced pro-
inflammatory cytokines and enhanced survival in endocervical cells as compared to the 
wild-type strain expressing a fully hexa-acylated LOS (Zhou et al., 2014). Since this 
modified LOS mutant is less immune stimulatory, we hypothesized it would induce lower 
levels of pyroptotic cell death. To determine if the immune stimulatory activity of the 
mutant strain was associated with lower levels of macrophage cell death, we stimulated 
macrophages with the mutant strain (1291ΔmsbB) and the wild-type parent strain (1291) 
then characterized the cell death pathways as described above. For these studies, cells were 
stimulated with live bacteria at MOI of 10 or 100 for 6 hr before monitoring cell death by 
trypan blue exclusion. We compared cell death between three different strains: strain 
FA1090B, strain 1291 and the mutant strain 1291ΔmsbB. We did not observe differences 
in induction of cell death between all strains (Table 9). Further investigation showed 
1291ΔmsbB activated both immune caspase-1 and -4 to similar levels as strain 1291 
(Figure 24). Selective inhibition of either caspase-1 or caspase-4 reduced cell death in MOI 
100-treated samples in both strain 1291 and 1291ΔmsbB as compared to DMSO-treated 
controls (Table 10). Both strains induced lower levels of cell death with caspase-4 
inhibition more than caspase-1, consistent with strain FA1090B. Together, these data 
suggest that 1291ΔmsbB despite reports of decreases in inflammatory response, as 
determined by pro-inflammatory cytokine production, is still capable of inducing cell 
death. Cell death induced by 1291ΔmsbB was dependent on immune caspase activation  
signifying induction of pyroptosis despite reduction in lipid A acyl-chains.   
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Table 9. N. gonorrhoeae induction of cell death in MDMs is not effected by hypo-
acylated LOS. 
Human Monocyte-derived Macrophage Viability 
Stimulus FA1090B 1291 1291ΔmsbB 
Unstimulated 86 ± 5.44 89 ± 6.11 93 ± 4.94 
MOI 10 72 ± 11* 73 ± 11.28** 75 ± 6.25* 
MOI 100 70 ± 6.21*** 68 ± 6.21*** 60 ± 5.95*** 
LOS/ATP 70 ±4.36** 73 ± 12.78** 71 ± 14.00* 
STS 65 ± 9.49*** 67 ± 11.96*** 69 ± 14.39** 
 
MDMs were either left untreated or treated with inhibitors 1 hr prior to stimulation. MDMs 
were stimulated with LOS (100ng/mL, from strain N. gonorrhoeae F62-GFP) and 5mM 
ATP (LOS/ATP) or live bacteria MOI 10 or MOI 100 for 6 hr. Cells were collected and 
viability assessed by trypan blue staining. Values are averages from 3 experiments. 
Statistical values were determined with one-way ANOVA with a Dunnett’s Multiple 
Comparisons posttest with all values compared to the unstimulated control per condition 
(*, P<0.05; **, P<0.01; ***, P<0.001). 
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Figure 24. Penta-acylated N. gonorrhoeae LOS activates immune caspases in MDMs  
MDMs were incubated for 6 hr with medium alone, LOS (100ng/mL) and 5mM ATP 
(LOS/ATP), or live bacteria MOI 10 or 100. MDMs were collected, lysed and (A) Caspase-
1 activity assessed by a caspase-1 activity assay (BioVision) and (B) Caspase-4 activity 
assessed by a caspase-4 activity assay (MBL International). Values were determined by 
normalizing absorbance values to their respective un-stimulated controls for each 
experiment and are depicted by mean ± SEM of seven experiments. Statistics were 
determined by one way-ANOVA with a Dunnett’s Multiple Comparisons posttest to 
unstimulated controls at each time point (*, P<0.05).   
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Table 10. Penta-acylated N. gonorrhoeae LOS induction of cell death in MDMs is 
dependent on caspase-4 activity 
 
 
MDMs were incubated with caspase-1 or caspase-4 inhibitors at a concentration of 100nM 
for 1 hr prior to addition of LPS (100ng/mL) and 5mM ATP (LPS/ATP), or live bacteria 
MOI 10 or MOI 100 for 6 hr with either parent strain 1291 or mutant strain 1291ΔmsbB. 
Cells were collected and viability assessed by trypan blue staining. Inhibitors: (A) caspase-
1 Inhibitor (Z-WEHD-FMK) or (B) caspase-4 Inhibitor (Z-YVAD-FMK). Tables contain 
data from four experiments and are shown as mean ± SEM; two-way ANOVA with a 
Bonferroni’s Multiple Comparisons posttest, all values from inhibitor treatment were 
compared to DMSO control (*, P<0.05; **, P<0.01). 
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Chapter 4 Summary 
 While studies have examined the inflammatory response to N. gonorrhoeae in 
macrophages, few have reported on how this impacts cell death of the macrophage. 
(Makepeace et al., 2001, Hauck, 1997, Mosleh, 1998, Jones, 1980). The one study reported 
to date only examined apoptosis in MDMs following N. gonorrhoeae stimulation for 5 hr 
(Chateau and Seifert, 2015). Here, we confirmed these results and demonstrated that N. 
gonorrhoeae does not activate caspase-3 activity and mitochondrial depolarization as 
reported by Rhodamine 123 staining following 6 hr of N. gonorrhoeae stimulation. Further 
characterization revealed that 30-40% of N. gonorrhoeae-stimulated MDMs exhibited 
characteristics of cell death despite lack of apoptotic markers including caspase-3 and 
mitochondrial depolarization.  
Stimulation of MDMs with N. gonorrhoeae was associated with immune caspase 
activation, and selective immune caspase inhibition revealed cell death was contingent on 
immune caspase activity. We also demonstrated that cell death was associated with 
intracellular N. gonorrhoeae. Previously published research reported intracellular 
liposaccharides activate caspase-4 and induce pyroptosis (Shi et al., 2014). Purified LOS, 
obtained from Sunita Gulati (University of Massachusetts Medical School, Worcester, 
MA) induced MDM cell death, which was associated with caspase-4 activation. However, 
1291ΔmsbB was also capable of activating immune caspases and induced cell death 
pyroptosis despite only being penta-acylated rather than hexa-acylated. These results 
suggest that intracellular LOS contributes to activation and induction of non-canonical 
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pyroptosis, but that additional bacterial components could also contribute to pyroptotic 
MDM cell death observed with whole bacterium. Additional studies are necessary to 
determine which component of N. gonorrhoeae could activate and induce both canonical 
and non-canonical pyroptosis in MDMs.  
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Chapter 5. Discussion 
 In the genital mucosa, macrophages are the most abundant immune cell (Trifonova 
et al., 2014, Acosta-Dibarrat et al., 2014). Despite the prevalence of macrophages within 
the genital mucosa, the interactions of N. gonorrhoeae are poorly defined. Macrophages 
are responsible for innate immune responses such as cytokine production and pathogen 
clearance as well as adaptive immune response with antigen presentation to T-cells and B-
cells. Previous studies have established that N. gonorrhoeae stimulates pro-inflammatory 
mediators in monocytes and macrophages (Ramsey et al., 1995, Makepeace et al., 2001, 
Duncan et al., 2009). However, only one study has addressed macrophage viability and 
pathogen clearance following N. gonorrhoeae infection (Chateau and Seifert, 2015).  This 
study reported viability of N. gonorrhoeae in macrophages, which correlated with lack of 
caspase-3 activity, a marker of apoptosis, and concluded that N. gonorrhoeae inhibits 
apoptosis in macrophages to promote its survival. However, this study only monitored cell 
death in the context of caspase-3 activity, thereby limiting their analysis to cell death via 
apoptosis (Chateau and Seifert, 2015). Host cell death can occur by additional pathways 
including necroptosis and pyroptosis. Thus, in the studies described here we examined 
other non-apoptotic forms of cell death and demonstrated that N. gonorrhoeae induces 
pyroptotic cell death in macrophages. We also determined that pyroptosis is in response to 
intracellular bacteria or cytosolic N. gonorrhoeae LOS in macrophages. In addition, 
macrophage cell death correlated with increase pro-inflammatory cytokine production. 
Cytokine production and cell death, however, had little impact on macrophage viability 
following stimulation with N. gonorrhoeae. 
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 Pyroptosis is induced by two different pathways. The canonical pathway is 
stimulated by extracellular stimuli, such as DAMPs and PAMPs, that bind outer membrane 
proteins activating the inflammasome and subsequently caspase-1. The non-canonical 
pyroptotic pathway is induced by intracellular LPS via lipid A resulting in caspase-4 
activation (Shi et al., 2014). Our studies with MDMs demonstrated a propensity for N. 
gonorrhoeae to activate and induce cell death by both canonical and non-canonical 
pyroptosis. Induction of macrophage cell death was dependent on live intracellular 
bacteria. N. gonorrhoeae-induced cell death disproportionally signaled through caspase-4. 
As caspase-4 is activated by cytosolic lipoproteins typically associated with Gram-negative 
bacteria, the disproportional activation of caspase-4 by N. gonorrhoeae implies the 
presence of intracellular, possibly cytosolic, bacteria (Shi et al., 2014). We found a high 
proportion of macrophages that were undergoing cell death had intracellular cell-associated 
bacteria. Inhibition of bacterial entry with cytochalasin D in MDMs resulted in diminished 
cell death. These results suggest a requirement for N. gonorrhoeae to be intracellular to 
induce MDM cell death. The necessity of intracellular bacteria may explain the higher 
levels of MDM cell death following live bacterial stimulation as compared to that observed 
with dead formalin fixed bacteria. Increased MDM cell death by live N. gonorrhoeae as 
compared to formalin fixed is probably the result of active bacterial mechanisms promoting 
intracellular survival. Bacteria survive intracellularly by prevention of degradation by the 
lysosome. Studies in macrophages have shown that porin sub type B, PorB, inhibits 
phagosome maturation and its fusion with the lysosome, promoting bacterial survival 
(Mosleh, 1998). Additional studies in epithelial cells reported that N. gonorrhoeae protease 
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IgA1, which degrades mucosal IgA, can also degrade LAMP-1, a primary component of 
the lysosome, to promote N. gonorrhoeae survival in epithelia cells (Lin et al., 1997). Porin 
and IgA1 proteases activity is ablated in formalin fixed bacterial cultures, promoting its to 
degradation and reduces MDM cell death. Entry into the cytosol by live bacteria would 
promote caspase-4 activation and result in macrophage cell death. A major component of 
the N. gonorrhoeae outer membrane is the lipoprotein, LOS. As non-canonical pyroptosis 
is induced by intracellular lipoproteins, N. gonorrhoeae LOS could induce MDM cell 
death. Interestingly, transfection of LOS into the cytosol of MDMs increased both cell 
death and caspase-4 activity in MDMs.  
 As an obligate human pathogen, N. gonorrhoeae has adapted several immune 
evasion mechanisms. These evasion mechanisms include up- and down-regulation of 
virulence factors such as outer membrane proteins responsible for attachment and adhesion 
to host cells, Opa proteins, and porins (reviewed in (Heckles, 1981, Maiden, 2008). 
Neisseria LOS also undergoes antigenic variation as a mechanism of evasion; however, 
this variation occurs only along the backbone saccharides (Maroglin et al., 1997). Studies 
analyzing lipoprotein-induced cell death used various Gram-negative LPS (Shi et al., 2014, 
Kayagaki et al., 2011, Rathinam et al., 2012). Generally, the primary difference between 
LPS and LOS is the saccharide backbone, in which LPS has a polysaccharide and LOS has 
an oligosaccharide, though lipid A acyl-chain arrangement can also vary. Initial studies 
monitoring lipoprotein-induced cell death determined that purified lipid A from E. coli 
interacts with the caspase recruitment domain (CARD) of caspase-4 activating it (Shi et 
al., 2014). This study concluded that activation of caspase-4 was not dependent on the 
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presence of the complete acyl-chains normally present in E. coli LPS. E. coli lipid A 
containing 4 acyl-chains, rather than the normal 6, was sufficient to activate and induce 
caspase-4 dependent pyroptosis (Shi et al., 2014). Despite structural similarities between 
E. coli lipid A and N. gonorrhoeae lipid A, Apicella and colleagues demonstrated that 
removal of an acyl-chain from LOS decreased N. gonorrhoeae-induced inflammatory 
cytokine production and prolonged bacterial survival in epithelial cells (Zhou et al., 2014). 
Based on these findings, we postulated that gonococcal-induced cell death would be 
reduced in macrophages treated with the mutant LOS strain, 1291ΔmsbB, as compared to 
the corresponding parent strain, 1291, or the single Opa expressing strain, FA1090B. 
However, 1291ΔmsbB induced equal levels of cell death as compared to both the parent 
strain 1291 and strain FA1090B. Studies characterizing this mutant showed while there 
was diminished production of pro-inflammatory cytokines such as TNF-α and IL-1β the 
mutant retained its ability to activate caspase-1 in undifferentiated THP-1 cells (Zhou et 
al., 2014). Based on our findings that N. gonorrhoeae can stimulate both canonical and 
non-canonical pyroptotic cell death, we postulated that 1291ΔmsbB induced cell death was 
the result of canonical pyroptosis. However, we also confirmed that while 1291ΔmsbB 
activated caspase-1, it also retained the ability to activate caspase-4. Inhibition of caspase-
1 and caspase-4 revealed that 1291ΔmsbB induced non-canonical, caspase-4 dependent, 
pyroptosis. Shi and colleagues determined in the absence of two acyl-chains that E. coli 
lipid A retained the ability to activate and induce caspase-4 pyroptosis, thus, it is possible 
that the 1291ΔmsbB strain, maintains the ability to interact and activate caspase-4 leading 
to cell death despite lacking an acyl-chain (Shi et al., 2014). However, for our studies, we 
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used whole bacteria to induce macrophage cell death, whereas Shi et al. used purified 
lipids. As such, we cannot disregard the possibility that a second bacterial factor induces 
pyroptotic cell death in 1291ΔmsbB-stimulated cultures. LOS is considered an adhesion 
molecule that increases pathogen host cell interactions (Maroglin et al., 1997). Other outer 
membrane adhesion molecules are pili and Opa proteins (Källström, 2001, Dehio et al., 
1998). While both pili and Opa proteins facilitate invasion in non-phagocytic cells, a more 
likely candidate for induction of pyroptotic cell death is porin. Porin is known to induce 
ion channels in cell membranes and has been linked to induction of epithelial cell death via 
apoptosis (Garcia-Calvo et al., 1998, Massari et al., 2003). Though porin is linked to 
epithelial apoptotic cell death, this does not preclude its ability to induce or synergistically 
induce pyroptosis in macrophages as N. gonorrhoeae induces differential cell death 
depending on cell type. Other studies support the possibility of a secondary bacterial factor 
impacting immune caspase activity. Initial studies using the 1291ΔmsbB strain 
demonstrated that it maintained the ability to activate casapase-1 despite reduced TLR4 
activity (Zhou et al., 2014). TLR4 is an extracellular receptor responsible for immune 
responses to N. gonorrheoae LOS, and leads to the activation of inflammsome and thus 
caspase-1 (Packiam et al., 2014). In addition, studies analyzing the effect of N. 
gonorrhoeae on the inflammasome showed N. gonorrhoeae-conditioned media was 
capable of inducing IL-1β in the absence of bacteria (Duncan et al., 2009).  
 However, based on our findings, we hypothesize that N. gonorrhoeae is present in 
the cytosol of macrophages where it acts on immune caspases for induction of pyroptosis 
(Figure 25). It is unclear how N. gonorrhoeae enters the macrophage cytosol, however, in 
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the cytosol N. gonorrhoeae LOS can activate caspase-4 and induce pyroptosis. N. 
gonorrhoeae-stimulated macrophages also express activated caspase-1 and caspase-4. 
Currently, the bacterial factor responsible for caspase-1 activation for N. gonorrhoeae-
induced pyroptosis is unknown. It is possible that caspase-1 is activated by several bacterial 
factors, since caspase-1 typically activated through recruitment to the inflammasome. The 
inflammasome is activated by extracellular binding of PRRs, such as TLRs or intracellular 
PRRs such as NOD. N. gonorrhoeae porin and LOS signal through TLR2 and TLR4, 
respectively, which in turn signal for inflammasome assembly (Massari et al., 2002, Fisette 
et al., 2003). Experiments using purified LOS in the absence of the transfection agent 
DOTAP showed similar levels of macrophage cell death as whole N. gonorrhoeae-
stimulated cultures at an MOI 100. Further studies of macrophage cell death immune 
caspase dependency also showed redundant immune caspase dependency between non-
transfected LOS and MOI 100 stimulated cultures. These data suggest LOS induces 
pyroptosis through both extracellular and intracellular signaling. Extracellular binding of 
LOS to TLR4 induces the assembly of the inflammasome and caspase-1 activation. While 
intracellular LOS signals for the activation of caspase-4. Inflammasome assembly is 
critical for processing of cytokines, it also induces cell death through an   
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Figure 25. Model for N. gonorrhoeae-induced macrophage cell death.  
Our results suggest that both live bacteria and LOS can induce human macrophage cell 
death. We postulate that while N. gonorrhoeae is internalized in macrophages, it escapes 
degradation via the lysosome. When in the cytosol, N. gonorrhoeae interacts and activates 
immune caspase-4 via LOS, thereby promoting cell death.  
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unknown mechanism and may work in concert with caspase-4 activation for the induction 
of pyroptosis.  
 As resident immune cells, macrophages are abundant within urogenital mucosa and 
contribute to both innate and adaptive immune responses following pathogen exposure 
(Trifonova et al., 2014, Acosta-Dibarrat et al., 2014). Induction of pyroptosis promotes the 
processing of IL-1β and IL-18 and the release of intracellular components creating a highly 
pro-inflammatory environment for the continual recruitment of circulating immune cells, 
such as neutrophils (Kayagaki et al., 2011, Miao et al., 2010, Ovcinnikov, 1971, 
Ovcinnikov, 1974). Increased pro-inflammatory cytokines such as IL-1β have been 
reported from male urine and female vaginal lavage samples from individuals infected with 
N. gonorrhoeae (Ramsey et al., 1995, Masson et al., 2014). In vitro studies of macrophages 
and monocytes also report up regulation of pro-inflammatory cytokine production in 
response to N. gonorrhoeae (Duncan et al., 2009, Makepeace et al., 2001). In our studies, 
we confirmed elevations in levels of IL-1β as well as other pro-inflammatory cytokines IL-
6 and TNF-α in macrophages stimulated with gonococci as compared to untreated controls. 
We postulate that induction of pyroptosis in macrophages during N. gonorrhoeae infection 
creates a feed forward loop for the continual recruitment of neutrophils to the mucosa 
during the later stages of infection. This loop is perpetuated by both IL-1β production and 
DAMPs produced by lytic pyroptotic cell death. This is consistent with previously 
published studies demonstrating induction of non-pathogen associated cell death in tissue 
resident cells increases neutrophil chemotactic factors and neutrophil recruitment 
(Yamasaki et al., 2008). However, studies in dTHP-1 cells showed a trend to produce the 
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anti-inflammatory cytokine IL-10. The presence of IL-10 suggests that cultures contain a 
mixed population of macrophage phenotypes. In this study, we did not address macrophage 
phenotype of dying cells. If dying macrophages were pro-inflammatory, it would reduce 
localized pro-inflammatory cytokine production reducing pathogen clearance and 
diminishing immune cell recruitment, while death of anti-inflammatory macrophages 
would promote pathogen clearance. Further studies are needed to determine the phenotype 
of dying macrophages resulting from N. gonorrhoeae stimulation.  
 Macrophage phenotype can influence symptomatic responses during infection 
promoting inflammation or resolution. Pro-inflammatory or M1 macrophages are primarily 
responsible for pathogen clearance. This subtype of macrophage produces inflammatory 
cytokines such as IL-1β, TNF-α, Il-12, and IL-23 to effect surrounding immune cells such 
as the T-cell and promote differentiation. M1 macrophages also have increased efficiency 
in phagocytosis to increase pathogen clearance as compared to naïve macrophages. In 
contrast, anti-inflammatory or M2 macrophages are involved in resolution of 
inflammation. These macrophages are responsible for producing anti-inflammatory 
cytokines IL-10 and TGF-β, as well as promoting healing through fibrosis. Our studies 
suggest the presence of M2 macrophages in N. gonorrhoeae stimulated macrophage 
cultures. Studies by Escobar and colleagues have also shown increased IL-10 and TGF-β 
in N. gonorrhoeae-stimulated macrophage cultures, concluding that N. gonorrhoeae 
induces a tolerogenic phenotype in macrophages (Escobar et al., 2013). Induction of a M2 
anti-inflammatory macrophage phenotype during gonococcal infection would promote a 
low-grade inflammatory environment and promote fibrosis. The most prevalent site of 
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asymptomatic infections is the female genital tract. Female hormones could skew 
macrophage phenotypes influencing asymptomatic infection. Scotland and colleagues 
demonstrated using a mouse peritonitis model that female mice had increased anti-
inflammatory cytokine production and diminished neutrophil recruitment compared to 
male mice when disease was induced (Scotland et al., 2011). 
 
Differentiated THP-1 cells versus MDMs 
 Our studies monitored N. gonorrhoeae-induced macrophage cell death in two 
distinct MDM populations. While both populations were derived from monocytes, 
protocols for differentiation and genetic background varied greatly between the two. THP-
1 cells, as a monocyte cell line, are differentiated typically by chemical means. Peripheral 
blood-derived monocytes are differentiated in the presence of natural growth factors. In 
addition, all THP-1 cells are from a male with monocytic leukemia while our MDMs are 
de-identified, representing both genders, and reported healthy donors. 
 For THP-1 cells there are several different protocols for differentiation of THP-1 
cells to macrophages each with their own set of benefits and drawbacks. The two most 
common differentiation techniques are the use of Vitamin D3 and PMA. PMA is 
recommended for a robust and consistent differentiation (Daigneault et al., 2010). 
However, the typical concentrations used for differentiation range of 100nM to 200nM of 
PMA for 2-4 days. Park et al. showed that the use of these high concentrations stimulates 
THP-1 cells in the absence of any additional stimuli, masking the effects of additional 
stimuli such as LPS (Park et al., 2007). Park and colleagues also demonstrated that use of 
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low 10nM PMA for 2 days was sufficient to induce not only a macrophage phenotype but 
that these cells were still able to respond to additional stimuli. Using Park et al. protocol, 
we also determined we could differentiate our THP-1 monocytes into macrophages using 
low 10nM PMA for 48 hr prior to experiments.  
 Unlike THP-1 cells, monocytes isolated from peripheral blood are differentiated by 
commonly expressed growth factors. MDMs take approximately 7 days to differentiate 
from monocytes to macrophages in the presence of human serum. Human serum contains 
differentiated growth factor M-CSF as well as nutrients for cell growth. Lack of chemical 
differentiation leaves terminally differentiated macrophages unstimulated at resting state, 
meaning they are naïve prior to the addition of bacteria.  
 Variation in macrophage differentiation protocols as well as their genetic 
backgrounds could lead to variation in response to N. gonorrhoeae. Direct comparison 
between THP-1 monocytes and peripheral blood monocytes revealed there were 
differences in cell sensitivity to various biomaterials such as nickel ions, triethylene glycol 
dimethacrylate, and 2-hydrozyethyl meth-acrylate. Peripheral blood monocytes were less 
sensitive to these chemical compounds than THP-1 cells. Although the concentration of 
these chemical compounds to induce a response varied between cell types, the type of 
response was similar. We observed similar findings of cell death in both dTHP-1 cells and 
MDMs following N. gonorrhoeae stimulation, although the magnitude and pathway varied 
slightly between the 2 cell types. MDMs reached a steady state of cell death following 
bacterial stimulation; however, dTHP-1 cells continued to undergo cell death over the 
course of 24 hr. These results suggest that MDMs can control cell death when continually 
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stimulated, whereas dTHP-1 cells cannot. Another difference between macrophage 
populations was that enzymatic dependency for induction of cell death. dTHP-1 cell death 
was solely dependent on caspase-4 activity whereas MDMs underwent both caspase-1 and 
caspse-4 dependent cell death. Specificity of cell death pathway observed in dTHP-1 cells 
may result from basal levels of caspase-1 activity, as we detected low levels of activated 
caspase-1 cleavage products in culture supernatants of unstimulated dTHP-1 cells. 
Crosstalk between cell death pathways is a common mechanism of cell death regulation. 
In the case of TNF-induced cell death, cells can either undergo apoptosis or necroptosis 
(Duprez et al., 2009). Which pathway is activated upon TNF-α stimulation is dependent on 
caspase-8 activity. Active caspase-8 inhibits necroptosis induction, thereby promoting 
apoptosis following TNF-α stimulation. However, if caspase-8 is degraded or inactive, 
TNF-α stimulation will induce necroptosis. Pathway inhibition in pyroptosis has not been 
shown, however studies have shown immune caspase activation can work synergistically 
with activation of caspase-4 leading to activation of caspase-1 and pyroptosis (Schmid-
Burgk et al., 2015). Inhibition of caspase-4 by caspase-1 could account for variation in 
responses between dTHP-1 cells and MDMs.  
 
Implications during gonococcal infection 
 Induction of macrophage cell death has several implications for N. gonorrhoeae 
infection. While macrophages are not the initial cell type with which bacteria interact 
during infection, once through the epithelium, macrophages become an essential link 
between the innate and adaptive immune responses and eventual pathogen clearance. 
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Induction of host cell death can either promote pathogen clearance or enable a pathogen to 
thrive via the elimination of a phagocytic cell (Mariathasan et al., 2005, Miao et al., 2010). 
In N. gonorrhoeae-stimulated MDMs, there were no differences in recoverable bacteria in 
bacteria pre-treated with inhibitors (data not shown). We propose that induction of 
macrophage cell death contributes to ineffective clearance of both pathogen and dying 
recruited immune cells, such as neutrophils which have a short tissue half-life during 
infection (Lee et al., 1993). The death of macrophages as the result of N. gonorrhoeae 
stimulation also has implications for the development of the adaptive immune response. In 
vivo studies have shown that individuals that receive treatment and clear the infection do 
not have long-term immunity (Hedges et al., 1998, Hedges, 1999). Macrophages work in 
concert with dendritic cells for the presentation of antigen and stimulation of the adaptive 
immune response. We propose that macrophage cell death combined with impaired 
dendritic cell antigen presentation is an additional mechanism during N. gonorrhoeae 
infection that blunts host adaptive immune responses leading to lack of memory immunity 
(Zhu et al., 2012). 
 Taken together, our data indicate that N. gonorrhoeae induces the programmed cell 
death pathway, pyroptosis. We speculate that bacteria-induced pyroptotic macrophage cell 
death is likely a host-mediated response to clear N. gonorrhoeae by promotion of a pro-
inflammatory environment. This phenomenon has been demonstrated with other Gram-
negative bacteria, where caspase-4 activation enhances pathogen degradation by the 
lysosome (Akhter et al., 2012). However, the gonococcus is an adaptive pathogen that uses 
induction of pyroptosis to promote its survival with the removal of phagocytic cells and 
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the inhibition of recruited immune cell-mediated killing. However, though pyroptosis may 
be host-mediated, the gonococcus his highly adaptive. Pyroptotic cell death creates a highly 
pro-inflammatory environment as the result of cell lysis and the release of DAMPs as well 
as the production of the pro-inflammatory cytokine IL-1β. This pro-inflammatory 
environment is exacerbated with the recruitment of circulating neutrophils. Though 
neutrophils can kill N. gonorrhoeae a small portion escape phagocytic killing, thereby 
persisting within submucosa, creating a feed forward loop for persisting inflammation 
(Criss and Seifert, 2012). Pyroptosis also eliminates macrophages from the submucosa 
where they normally would clear pathogens and stimulate the adaptive immune response.  
 Despite the induction of an inflammatory environment, women are typically 
asymptomatic when infected with N. gonorrhoeae. With asymptomatic infection, women 
are untreated leading to complications such as pelvic inflammatory disease (PID) and 
fibrosis (Korn et al., 1998, Kiviat et al., 1990). Fibrosis is developed due to unresolved 
inflammation caused by persistent infections, macrophage cell death, and infiltrating 
immune cells. Thereby, pyroptotic macrophage cell death could be a critical link in 
understanding N. gonorrhoeae infection. As an obligate human pathogen, reports of N. 
gonorrhoeae infection occur as early as the 17th century but understanding of its 
interactions with the host are still being investigated (Bumstead, 1864). Discovery of 
pyroptosis in macrophages in response to N. gonorrhoeae may contribute to our 
understanding of disease pathology. With the rise of antibiotic resistance and disease 
incidence, understanding the molecular interactions between N. gonorrhoeae and host 
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immune cells such as macrophages can aid investigators in both prophylactic and 
therapeutic vaccine development.   
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Chapter 6. Future Studies 
 These studies lay the foundation for the analysis of both the functional 
consequences of macrophage cell death and the determination of molecular mechanisms 
for the induction of cell death. However, there are still unanswered questions about the 
induction of MDM cell death by N. gonorrhoeae and the functional consequences of 
pyroptosis on infection (Figure 26). Our studies showed the correlation of intracellular 
bacteria and purified LOS for the induction of cell death (Figure 26A). We also determined 
that the penta-acylated 1291ΔmsbB mutant LOS strain maintained the ability to induce 
non-canonical pyroptotic macrophage cell death. These results suggest either 1291ΔmsbB 
LOS is sufficient for induction of cell death or a second bacterial factor impacts cell death. 
Further studies need to be conducted to determine which bacterial factor impacts N. 
gonorrhoeae-induced cell death. These studies would include the use of purified outer 
membrane components such as LOS isolated from both wild-type 1291 and mutant 
1291ΔmsbB, porins and pilin proteins. These studies would treat MDM with these outer 
membrane proteins both in the presence and absence of DOTAP to monitor immune 
caspase activity and MDM cell death. During these studies, we would also perform dose 
response studies to determine a threshold for N. gonorrhoeae induced MDM cell death. 
We expect LOS alone is sufficient for induction of both caspase-1 and caspase-4 dependent 
cell death despite reports of pilin activating the inflammasome via TLR2 and the ability of 
porin to modulate apoptosis in epithelial cells (Massari et al., 2003, Garcia-Calvo et al., 
1998, Massari et al., 2002).   
  
130 
 
Figure 26. Future studies analyzing the induction of MDM pyroptosis by N. 
gonorrhoeae and its functional consequences on infection. 
Based on current studies there are several questions that remain unanswered. (A) Studies 
have shown in the presence of FA1090B, 1291, and penta-acylated LOS mutant 
1291ΔmsbB, that macrophages undergo pyroptosis through both canonical and non-
canonical pathways. This suggests that pyroptosis could be the result of LOS and another 
bacterial factor such as pilin or porin. (B) Studies show that MDM cell death is primarily 
the result of intracellular bacteria (Figure 20). Typically, phagocytosis of bacterium leads 
to their degradation by the lysosome, this leads to the following question: how is N. 
gonorrhoeae escaping phagosome/lysosome degradation and entering the cytosol to 
activate pyroptosis? Previous studies using porin and N. gonorrhoeae protease, IgA1 
protease, report these proteins facilitate phagosome degradation to promote intracellular 
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bacterial survival. (C) Lytic cell death leads to the production of pro-inflammatory 
cytokine production leading to immune cell activation. Pro-inflammatory cytokines and 
intracellular components (DAMPs) have been shown to up regulate anti-apoptotic proteins 
and increase macrophage phagocytosis. N. gonorrhoeae-induced macrophage cell death 
can have similar effects on surrounding immune cells and the epithelium altering their 
responses to additional N. gonorrhoeae stimulation (Rock and Kono, 2008, Mosleh, 1998, 
Lin et al., 1997). 
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 Despite our results demonstrating the association of intracellular bacteria with N. 
gonorrhoeae-induced cell death, we were unable to define the intracellular bacterial 
localization (Figure 26B). As a professional phagocytic cell, macrophages actively engulf 
bacteria. Following phagocytosis, phagosomes containing bacteria are typically fused with 
lysosomes, where bacteria are then degraded. We postulate that N. gonorrhoeae may 
escape the phagosome and enter the cytosol thus activating caspase-4 and cell death. 
Further studies using confocal microscopy could be used to examine phago-lysosome 
fusion by visualizing co-localization of lysosomal proteins such as macrosialin and 
lysosomal-associated membrane protein 2/3 (LAMP-2/3) and phagosomes containing 
bacteria. In addition, use of selective N. gonorrhoeae strains could be used to define 
bacterial factors necessary for evasion of phago-lysosome fusion and entry into the cytosol. 
Likely candidates for aiding N. gonorrhoeae entry into the cytosol are PorB and IgA1 
protease. PorB can inhibit phagosome maturation in monocyte-derived macrophages, 
thereby inhibiting bacterial degradation and possibly facilitating phagosome escape, 
whereas IgA1 protease can degrade LAMP-1 responsible for lysosome formation and 
promote bacterial survival in epithelial cells (Mosleh, 1998, Lin et al., 1997). Monitoring 
bacterial localization following incubation of macrophages with N. gonorrhoeae mutant 
strains containing deletions of either PorB or IgA1 proteases would determine the necessity 
of these proteins for bacterial entry into the cytosol and thereby their effect on macrophage 
cell death. 
 Furthermore, our studies did not address the role of complement in N. gonorrhoeae-
induced macrophage cell death. Studies of in vivo gonococcal infections report N. 
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gonorrhoeae from exudates are typically coated in complement (Ramsey et al., 1995). 
Complement is a mechanism of the innate immune system to directly induce bacterial lysis 
and increase efficiency of macrophage phagocytosis. Our studies did not actively preserve 
complement function in our human serum, thereby it had low levels of active complement. 
Complement coated N. gonorrhoeae may be less likely to escape phagosome/lysosome 
degradation and thereby reduce macrophage cell death. To test this studies could be 
designed, where we would pre-coat N. gonorrhoeae with complement prior to addition to 
macrophage cultures then monitor macrophage viability. We would also monitor immune 
caspase 1 and 4 activity to determine if increased viability was correlated with decreased 
immune caspase activity.  
 Induction of pro-inflammatory macrophage cell death could impact both cell 
recruitment and activation status of surrounding cells (Figure 26C). Using dTHP-1 cells, 
we began studies to monitor the effects of cell death on naïve macrophage cell death 
response to N. gonorrhoeae. These studies showed little effect of conditioned media on 
cell viability following N. gonorrhoeae stimulation. This could be due to cell type; it would 
be pertinent to repeat these studies in MDMs to see if the phenotype is maintained as these 
cells undergo both canonical and non-canonical pyroptosis whereas dTHP-1 cells only 
undergo non-canonical. While they are one of the most prevalent immune cell types in the 
mucosa, during natural infection macrophage cell death would affect surrounding non-
macrophage cell types (Trifonova et al., 2014, Acosta-Dibarrat et al., 2014). As such it 
would be important to monitor the effect of N. gonorrhoeae-induced macrophage cell death 
on non-macrophage immune cells. To analyze the effect of macrophage cell death on T-
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cell and B-cell response, we would monitor CD4+ T-cell phenotype (Th1 v. Th2) and B-
cell antibody production and markers for long lived B-cells. The effect on B-cell response 
is of interest as patients previously infected with N. gonorrhoeae do not develop lasting 
immunity to N. gonorrhoeae infections (Hedges et al., 1999, Fox et al., 1999, Schmidt et 
al., 2001). 
 Our studies modeled naïve macrophage interactions with N. gonorrhoeae as we did 
not pre-treat cells with stimulating cytokines or PAMPs. During the natural course of 
infection, this type of interaction occurs in a very limited population as N. gonorrhoeae 
typically interacts with the epithelium prior to interactions with submucosal immune cells. 
Upon binding of the gonococcus to the epithelial cell, epithelial cells produce pro-
inflammatory cytokines, largely associated with neutrophil recruitment. These cytokines 
can also affect submucosal macrophage response and phenotype. The use of a trans-well 
system would recapitulate this in vivo interaction, allowing for stimulation of epithelial 
cells with N. gonorrhoeae to affect macrophages prior to their subsequent stimulation with 
bacteria. Mediators produced by N. gonorrhoeae-stimulated epithelial cells could skew or 
inhibit cell death pathways in macrophages. However, we postulate that pro-inflammatory 
mediators produced by epithelial cells will prime macrophages, increasing immune caspase 
activity thereby enhancing N. gonorrhoeae-induced pyroptotic macrophage cell death. 
These studies would lay the groundwork for recapitulating an in vivo infection for assessing 
the role of macrophages in N. gonorrhoeae response. 
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of immune response cells in the pelvic urethra and prepuce of rams. Pesquisa 
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